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FOREWORD 


It is becoming appreciated that the scale and intensity of engineering 
effort and engineering education in the Soviet Union ensure that this group 
of countries will make major contributions to future engineering progress. 
Electrical engineering in particular has claimed a certain priority of effort 
since Lenin proclaimed electrification to be a necessary basis for socia¬ 
list construction. In certain aspects of electrical engineering the U.S.S.R. 
is already in the front rank. It is pioneering, for example, in d.c. power 
transmission, with concomitant developments of rectifier and invertor 
equipment and supervisory controls. The U.S.S.R. now has the highest 
voltage a.c. line in the world. The development of water-power resources 
on a large scale implies developments in alternators, switchgear and trans¬ 
mission systems. Noteworthy contributions are being made to the theory of 
automatic control and remote control, based in part on past Russian 
achievements in non-linear mechanics. The level of theoretical and mathe¬ 
matical work is high. 

The keen desire of engineers in other countries to keep contact with 
progress in electrical engineering in the U.S.S.R. has been frustrated by 
the language barrier. A decision has now been made by the Pergamon 
Institute, a non-profit-making foundation, to publish an English translation 
of the Russian journal "Elektrichestvo”. This is the leading broad publica¬ 
tion in the field of electrical engineering in U.S.S.R. It covers technical 
and economic aspects of power supply systems, the design and application 
of electrical machines, switchgear and measuring instruments, and it also 
carries articles on broader topics such as automatic control and the analy¬ 
sis of fields and networks. In general the topics of radio and communica¬ 
tion are excluded. 

"Elektrichestvo” is a journal of long history and high standards. It was 
one of the first three electrical engineering journals to be published any¬ 
where in the world. It will no doubt continue to be the central and leading 
journal covering the main fields of electrical engineering except aspects 
special to communications. The English edition will make Soviet progress 
in a broad field of electrical engineering accessible for the first time to 
English-speaking engineers. 
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IMPORTANT EDITORIAL NOTICE 


To assist readers, reprints of any article appearing in Electric 
Technology U.S.S.R. can be obtained on application at a price of $2 (10s) 
per reprint, to cover the overhead costs involved in production. The Re¬ 
print No. of each article (which appears on the foot of the first page of the 
article) must be quoted on every order. Orders should be accompanied by 
the correct remittance. 

All orders of reprints of Russian articles should be addressed to 
the Administrative Secretary of ThePergamon Institute at either 122 East 
55th Street, New York 22, or 4, Pitzroy Square, London, W.I., which ever 
is more convenient. 




FUNDAMENTALS OF AN INTERCONNECTED POWER GRID 

FOR THE EUROPEAN PART 
OF THE SOVIET UNION* 

V.I. VEITS 

KF2hizh3.nov , Powsr Institut© of th© Ac8.ci©iny of Sci©nc6s 

of the U.S.S.R. 

(Received 12 September 1956^ 

Th© Sixth Pive-Y©a,r“Pla.n initiates a new stag© in the development of 
Soviet power production grid interconnexion of power systems. 

When the Kuibyshev and Stalingrad power stations and the transmission 
systems connecting these Volga giants with the central systems and with 
the Central Black-earth Region, the South and the Urals have been 
commissioned during the present Pive-Year-Plan the first-section of the 
European U.S.S.R. grid will have been completed. 

During this period the creation of a Siberian Grid (from Irkutsk to 
Novosibirsk) will be initiated. The Bi^tsk and Krasnoyarsk hydro¬ 
electric stations which are under construction will dominate the develop¬ 
ment of the Siberian Grid similarly to Kuibyshev and Stalingrad in the 
case of the European U.S.S.R. grid. Large transmission lines will 
connect Bratsk with the Krasnoyarsk and Irkutsk Cheremkhovsk systems, 
and Krasnoyarsk with the West Siberian systems* Later, the central 
Siberian grid will be linked with the European U.S.S.R. grid, thus 
producing an Integrated Soviet grid system. The Caucasian and north¬ 
west systems will then be connected and a number of Kazakhstan systems will 
be connected to the European and Siberian grids. Central-Asian and Par- 
Eastern power systems will be developed. Nuclear power stations will 
become more important which will affect the development of the U.S.S.R. 
grid systems in many ways. 

The grid ensures the most efficient use of the various sources and 
provides maximum flexibility and economy. It is now no longer correct 
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PundaiEentals of an interconnected power grid 


to plan power stations and high-voltage systems without considering their 
part in the future grid. 

Areas of the European U.S.S.R. grid 

The first stage of the European U.S.S.R. grid covers the following 
areas: (Pig.l) The Central, Volga, Central Black-earth Region, South, 



A 


l\X\XI stage 1 Regions 
Stage 2 Regions 

Principal hydro-electric stations 
in existence or under construction! 
during the 6th Five-Year—Plan 

Principal hydro-electric stations 
to be built after the end of the 
6 th Five-Year—Plan 

Regions suitable for supply by 
district-heating power stotions 

Transmission lines operated at lessj 
than 400 kV 

Transmission lines of 400 kV or 
more In existence or under 
construction during the 6 th 
Five - Year—Plan (1- circuit 
2—circuit) 

Transmission lines of 400 kV or more to be built after the end of the 6th Five-Year-Plan 
Transmission lines of 400 kV or more still subject to further investigations 
Substations or switching points 


Central Region 
Volga Region 

in Central Black-Earth 
Region 
Et Southern Region 
Y Bashkiria—Tartoria 
Region 
21 Urals Region 
2E Caucasian Region 

2D0[ North-Western 
Region 

lEo) further .xt«.sions 
32Ia} of 

|2ili.a) first stoge 


Fi g. 1. 
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Bashkiria and Tataria, and Urals areas. The total area is ov^er 2.7 x 
10^ km^: population 110 million. The maximum east-west distance is 
over 2700 km, and the maximum south-north 1500 km. In the first sec¬ 
tion of the European U.S.S.R. grid the present annual output is about 
106 X 10^ kWh or 63 per cent of the total for the country. This is about 
40000 kWh per kra^ and 1000 kWh per head. 


The future levels and regional characteristics of 
the energy balance in the U.S.S.R. 

The basic layout of the European grid is considered for two different 
energy levels: 500 and 1000 x 10^ kWh. The 500 x 10^ kWh level relates 
to the output of a substantial part of the Volga, Kama and Dnieper hydro¬ 
electric stations and the 1000 x 10^ kWh to the completed All-Union grid. 

500 X 10^ kWh might be reached in the second half of the next (Seventh) 
Pive-Year-Plan, and 1000 x 10^ kWh early in the Ninth Plan. In the first 
stage the output of the first European grid section (without the north¬ 
west and Caucasian links) will increase from 106 in 1955 to 240 x 10^ kWh 
and in the second stage to 410 x 10^ kWh, according to our estimates. 

On account of the considerable absolute rate of increase of the energy 
balance in the European grid this rate of increase will be slightly less 
than the average increase of the All-Union power production. This is due 
to more rapid expansion of output in areas east of the Urals. Thus the 
output in the Siberian grid area will increase by a factor 20 when stage 
2 is reached, and by 8 - 15 times in other Asian parts of the Soviet 
Union. The relative output of the European regions (including the Urals) 
will decrease from 79 per cent to about 52 per cent and that of the 
Asian regions will increase from 21 per cent to about 48 per cent. 

Yet even the European grid will comprise areas with two different 
rates of development: the older industrial areas in the Central, Urals 
and southern areas, where the rate of development is smaller than that 
of the Union as a whole, and the new industrial regions of Bashkiria, 
Tataria, Central Black-earth Region and Volga, with their rich natural 
resources and high population density. Here the output will increase 
faster than that of the Soviet Union as a whole, and their relative 
output will not decrease, but increase (from 7-10 per cent). 

The above levels have only been used as a guide. The basic assumptions 
and the results have been checked with respect to possible deviations 
from the initially assumed pattern in the levels, rates of development, 
and general energy balance structures of the individual regions. 
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Regional characteristics of the energy balance 
and estimates of future load diagrams 

Decrease in the relative industrial load is typical of the European 
grid. Agriculture, transport and domestic consumers will use more power 
and the industrial load will decrease from 81 per cent of the total in 
1955 to 70 per cent whereas rural power consumption will increase from 
2.5 to 6.1 per cent, transport from 3,3 to 8.6 per cent and domestic use 
from 13.2 to 15.1 per cent. 

The load structure varies in the different regions. These variations 
affect the daily and annual load curves of the regions and of the grid 
considerably, and thus affect the maximum demand and grid layout. 



^__ L-. I I I 
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hr 

Pig. 2. 

Pig.2 shows the winter load curves for the European grid in the 
second stage, and the table gives the following: 

'V'T ^ ) 

/ d (load factor of a December day) 


^ (w ) ... 

“rf (the ratio of minimum off-peak power to the 
evening peak) 

\ (hours of maximum demand per annum) 
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Regions 

" d 


h 

European grid 

0.848 

0. 679 

6300 

Central 

0.806 

0.605 

5900 

South 

0.834 

0.653 

6200 

Volga 

0.855 

0. 710 

6400 

Central Black-earth Region 

0.798 

0.592 

5600 

Tataria and Bashkiria 

0.876 

0.745 

6600 

Urals 

0.884 

0.750 

6700 


will decrease slightly (by about 1 or 2 per cent) when a 7 hr day is 
introduced. It would be more complicated to estimate the effect of a 
6 hr working day on the load curve; no accurate prediction can be 
made, since period shift work increases the maximum demand in some 
industries and decreases it for others. 

An upper limit is = 6300; this corresponds to higher y(j) and 
in the second stage. Actually may be expected to be 200 - 300 hr 
less, which must be allowed for in designing the grid structure. 

By the second stage the diversity effect* for a winter day is about 500 MW. 


The structure of the European grid 

The maximum demand on the European grid will be about 38 GW 

(1 GW = 1000 MW) in the first stage and about 65 GW in the second stage. 
Assuming a minimum spare capacity requirement for frequency, emergency 
and maintenance purposes^ the total installed capacity of the European 
grid will be about 42 GW in the first stage and about 72 GW in the 
second. Fig. 3 shows the relative contribution to the total capacity 
from different types of power station. 

The hydro-electric stations form one of the main factors affecting 
the grid design and determining the intersystem tie line loads. 


The difference between the arithmetic sum of the regional maximum demands and 
the grid maximum demand. 

t 

Problems relating to the magnitude, constitution and distribution of power 
reserves will not be discussed here. 
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(a) (b) 
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Pig. 3. 

The total hydro-electric energy in the first stage of the European 
grid is planned to be about 66 x 10^ kWh in a year of average flow.* 

The total output in an average year would then be: 

11.7 X 10^ kWh from existing stations, 

30 X 10^ kWh from stations under construction 

24 X 10^ kWh from hydro-electric stations in the design stage. 

The hydro-electric schemes in the European grid will produce 16 per 
cent of the annual output and comprise 19 per cent of the installed 
capacity in the second stage. 


* This refers to existing stations and those under construction in various 
design stages on the Volga and Kama and their tributaries, and on the Dnieper. 

Don and Dniester. The Volga developments include the lowest barrage at Astrakhan 
giving 6 X 10^ kWh. The output of the hydro-electric stations on the Dniester 
will be about 1.1 x 10^ kWh. The lower Ob scheme and the so-called "Northern 
Supply” (direction of the northern river waters into the Volga) are not 
included. 
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The part played by the hydro-electric station in covering the load is 
of great importance in determining the MW-capacity and hence its overall 
economic effect. 



Fig, 4, 

Pig. 4 shows the effect of changes in the theoretical maximum demand 
and in the load curve shape for the European U.S.S.R. grid, all other 
conditions on the total working maximum* of the hydro-electric stations 
remaining unchanged. 

The maximum grid demands are plotted horizontally. The basic figure 
for the first estimated level is 38 GW, the range of variation being 
30 - 50 GW. The hydro-electric capacity is taken as ordinate. 
ranges from 0.83 - 0.87, the basic value being = 0.851 and = 0.668, 

the guaranteed hydro-electric output and installed capacity being 4 and 
11.3 GW respectively. Below the 11.3 GW level are marked the imposed 
basic load of the hydro-electric stations (0.3 GW) and the minimum spare 
(frequency and emergency) capacity (1.5 GW) which may be allocated to 
the hydro-electric stations. The difference between installed and 
available capacity due to head variations is less than 0.1 GW. 

Fig.4 shows that at the first level, which will be reached by about 
1963-64, the total hydro-electric output utilizable without duplication 
by thermal power stations already constitutes about 9.3 - 9.8 GW^ in 


* The total output of the hydro-electrical stations taking part in the basic 
and peak-load parts of the load curve. 

The first and second figures refer to the allocation of frequency and emergency 
spare capacity to the hydro-electric stations, i.e. 1 and 1.5 GW respectively. 
It should be borne in mind that not all the total planned hydro-electric capa¬ 
city (11.3 GW) will be in service during that period; some stations will still 
be under construction. 
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the first alternative considered (dotted line). If ^ should not be 
0.851. but only 0.84, the hydro-electric capacity utilised for the total 
grid maximum demand would be 9.8 - 10.3 GW. When the maximum grid demand 
increased by 1/3, with = 0.851 to 0.841,* it will be possible to 
utilize 11.8 - 12.5 GW of hydro-electric capacity without duplication, 
i.e., 0.5 - 1.2 GW more than the planned installed hydro-electric capacity. 



_I_ I _I_ I 

50 60 65 70 80 

hW 


Pig. 5. 

The effect of the maximum demand and of the shape of the load curve on 
the working maximum of the hydro-electric stations appears greater in the 
diagram Pig,5, where the second estimated level has been considered and 
where new possible hydro-electric developments (Astrakhan and others) 
have been taken into account. The total hydro-electric station capacity 
(13.3 GW) by the time the second estimated level is reached (maximum grid 
demand 65 GW, y(j) = 0.847, minimum essential spare capacity at the hydro¬ 
electric stations 2 GW) can be increased by more than 2 GW as compared 
with the data of the present plan. 

We have graphs showing how the installed capacity of the hydro-electric 
stations of the Puropean grid would vary with deviations of the develop¬ 
ment of the individual regions from the basic alternative, e.g. the 
actual rates of maximum demand increase may be lower in the Volga and 
Central Black-earth regions and higher in the Urals and the South, etc. 

The total installed capacity of the above hydro-electric schemes in the 
European grid is too low. In the investigations and planning work of 
1951 and the following years it was found necessary to increase the 
capacity of the Kuibyshev and Stalingrad power stations beyond their 
original ratings, i.e. by 1.7-2 GW. 

At present the capacity installed at these stations is being increased 
by 700 MW. Further possible increases in the installed capacity must be 


Frequency and emergency spare capacity of thermal power stations 1.5 GW. 
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provided for by performing the appropriate engineering and other works; 
equipment can be installed later. The capacity installed at Saratov, 
Lower Kama, Chebokarsk and Astrakhan should be reconsidered in relation 
to their future part in the development of the European grid. 

Of course Pigs. 4 and 5 only deal with matters of principle as regards 
the need to increase the total hydro-electric capacity in the European 
grid by 2 - 2.5 GW over the present design figure. The individual 
schemes must be subject to cost analysis. Provision must be made at the 
design stage for the subsequent installation of additional equipment, 
otherwise the most efficient and complete use of resources in regions of 
restricted water supply would be prevented. 

These proposals become more important when the link-up between the 
European and north-west and the Caucasus systems is allowed for, since a 
tie line will link the European grid with that of Siberia and the 
‘‘Northern Supply" will become available. These will increase the hydro¬ 
electric capacity in the European grid and thus facilitate extension of 
their working and installed capacities. 

The hydro-electric capacities can be assessed for the time when the 
links connecting the Central, Central Black-earth, Bashkiria, Tataria, 
Urals and Southern regions are commissioned. 

In the second stage thermal stations will supply 75 - 80 per cent of 
the European grid power, the first including and the second excluding 
the Siberian hydro-electric stations. 

In the second stage the district heating power stations in the 
European grid will have a capacity of about 17 GW. Their contribution 
towards covering the maximum demand will depend on their industrial 
heating load curves. 

District heating stations will have dual-purpose turbogenerator sets 
of increased rating and be larger,* and together with new bleeder-turbine 
designs with higher efficiencies under various load conditions, applica¬ 
tion of the “ boiler-turbine" unit system, creation of heat supply 
systems with parallel heat infeed, introduction of efficient heat 

distribution systems, complex automation and remote control of district¬ 
heating power stations. 

* Unit ratings rising from 12 - 25 MW to 50 - 100 MW, higher input pressures 
and temperatures will be used. By replacing steam at 90 atm and 500^C by 
steam at 200 atm and 600®C the heat output per Meal will be increased by 30 - 
50 per cent for 2 atm and 10 atm gauge pressure at the bleed points for 
heating and industrial steam, respectively. 
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The regional thermal condensation stations play the largest part in 
the European grid. Their capacity will be increased to 36 “ 41 GW in the 
second stage.* The major increase (18 out of 27 GW) will occur between 
the first and the second stages when the water resources in the European 
grid regions will already be largely utilized. Condensation stations 
will contribute from 52 to 50 to 57 per cent.* 


The grid will facilitate the introduction of stations with sets of 
200 - 300 MW and later 500 MW unit rating, with ultra high-pressure 
steam input and boiler-turbine units. 

The siting of the new condensation stations - whether at the fuel 
source or at the load centres - is of primary importance. The grid 
will introduce new factors which will greatly influence the solutions 
adopted. Also the grid layout and design will depend to a great extent 
on the location of the condensing plant. 


Reversible operation in intersystem ties might make it more economic 
to locate the condensation plant in low-cost fuel areas and substitute 
electric power transmission for fuel transport by rail. 


TO 
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^ European h~e 



Siberian h-e 



District heating power stations 
coupled to two shift plants 

Condensation output^ of 
district heating stations 


Industrial and district 
heating stations 


Condensation power stations 


Pig. 6. 


* The second figure excludes the Siberian hydro-electric stations. 
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In some regions stations will be developed in which the fuel will be 
used for power generation as well as for industrial or technological 
purposes and will drive gas-turbines, particularly in stations related 
to underground gasification schemes. 

Pig.6 shows three alternative basic plans for covering the winter load 
curve in a year of low hydro-electric output, corresponding to the second 
stage in the European grid. The upper part in Pig.6(a) is occupied by the 
hydro-electric stations on the European rivers, replacing as much power 
as possible from condensation plant. In this case the total installed 
capacity (13.2 GW) helps to cover the load curve. Since part of the 
essential spare capacity may economically be allocated to hydro-electric 
stations their total capacity should be increased by more than 2 GW. If 
the hydro-electric station capacities are restricted as in the present 
plan the total spare capacity must be concentrated in the thermal 
stations* * 

In Pig.6(b) the hydro-electric stations provide 2 GW of reserve capacity, 
and 11.3 GW covering the winter grid load in a year of low water. This 
assumes here that 8.3 GW is used for peak load and 3 GW for base load, 
part of the condensation plant being transferred to peak load, involving 
lower efficiency. 

Pig. 6(c) differs from the previous in that 11 GW (i.e. almost all of the 
hydro-electric power except 300 MW of its inherent base load) is placed just 
below the peak, but 2.5 GW at the peak is supplied from lower-efficiency 
steam condensation plant .^ 

The most favourable conditions for the different types of station in 
the different seasons and in years of different water availability must be 
chosen from technical and economic calculations with necessarily compli¬ 
cated conditions of the total energy balance of the grid. 


General layout of the European grid 

Pig, 1 shows the basic layout of the European grid at the second stage. 

Some new intersystem ties not included in the Sixth Five-Year-Plan are: 

* This alternative would involve wasting some water, the power loss being 1.4 xlO*^ kWh, 
Some 400 MW of hydro-electric power in addition to the 300 MW above 
must be transferrred from peak to base to avoid this loss. Correspondingly 
condensation plant would have to be transferred from base to peak, to 
compensate. 

^ The Siberian water power contribution to the European grid has also been 
considered. 
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Besides the first large 400 kV Moscow-Kuibyshev Hydro - Tatneft - Ufa 
Zlatoust trunk line (included in the Sixth Five-Year Plan), a second 
400 kV trunk line, viz. Moscow - Chebokarsk Hydro - Lower Kama Hydro - 
Botkinsk Hydro - Sverdlovsk, is under consideration. The design of the 
Chebokarsk - Moscow line is linked to that of the Chebokarsk hydro¬ 
electric station. The Botkinsk hydro-electric scheme will be connected 
with Sverdlovsk. It would be incorrect to plan the individual links in 
these trunk lines in isolation, and the entire trunk line must be 
designed as one of the main features of the integrated high-voltage grid. 
The second 400 kV trunk line with its three auxiliary hydro-electric 
stations (Chebokarsk, Lower Kama and Botkinsk) is 1700 km long. The 
transmission conditions will vary during construction. In the first 
stage the flow will be from West to East via two branches: Lower Kama 
Hydro - Botkinsk Hydro - Sverdlovsk; and Lower Kama Hydro - Tatneft - 
Ufa - Zlatoust. In the second stage power from the Lower Kama hydro¬ 
electric scheme and some from the Lower Yenesei stations will flow along 
the same line from east to west. The capacity of the second 400 kV trunk 
line and branches must be determined from the second stage requirements. 

The overall plan will ensure that the 400 kV Kuibyshev - Saratov line 
and the equipment operate at full efficiency. The line should be 
extended to Stalingrad if the Astrakhan scheme is proceeded with. If not, 

the extension will not be economic. A 400 kV transmission is being 
further investigated. 


The good industrial and agricultural prospects of the Central Black- 
earth Region justify the 400 kV Saratov - Central Black-earth Region 
(Lipetsk substation) transmission system. Use of the hydro-electric 
station at Saratov to supply the Central Black-earth Region would 
replace more condensation plant than any other alternative. 

The chart also shows a Donbass - Central Black-earth Region - Moscow 
transmission line. This line will supply the Central Black-earth and 
Central Regions from stations situated in the Don Basin operating on 

low-grade residues from coal enrichment processes, or on coal of calorific 
values below 4000 - 5000 kcal/kg. 


The technical and economic aspects of this system will be determined 
when several supply problems have been resolved, viz. the fuel production 
of individual regions and the energy available for exchanges with the 
European grid, etc. Other energy sources competitive with power trans¬ 
mission, must be investigated, particularly nuclear stations. 
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The basic intersystem grid lines (including those between the 400 kV 
substations in Moscow and the Urals) comprise about 8700 km of single- 
circuit line.* 


The operating conditions for individual lines will vary with the water 
supply and during different stages of development. Of the many problems 
involved only reverse power flow in Individual ties will be briefly 
reviewed since this may be very important for economy in operation. 


The essential character of one such operation is illustrated by the 
Stalingrad - Donbass transmission line. 



f, hrs 



n 


Donbas —►Volcfa 



(c) 


Condensation plant 



Condensation plant fronn 
load curve for Volga 
Hydro 

h~e plant load curve 
for condensation 
stations 


Pig. 7. 

The Donbass- Central Black-earth Region - Moscow and Saratov Stalingrad 
Hydro Astrakhan Hydro lines are not included. The capacities of the lines 
connecting the Urals with the Central region may have to be increased if 
power is received in the European grid from the Yenesei hydro-electric 
scheme. 
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Pig.7 shows that two distinct operating conditions alternate because 
the Stalingrad hydro-electric station supplies power to the load 
curve, the peak of which is determined by the Southern system. During 
off-peak periods the Donbass supplies Ap°.» Thus the condensation 
plant in the South has a constant output, the Stalingrad hydro-electric 
station supplying the peak load at some hours, energy being sent to the 
Volga at other times. 

The operating conditions in the Stalingrad - Donbass tie depend on 
the structure of the Volga and Southern systems, on the individual station 
characteristics, on the magnitude and shape of the load peak in the Southern 
system and the Southern system load allocated to the Stalingrad station, 
on the Donbass condensation plant capacity, on the contribution to the 
Volga area load, etc. A winter day flow curve (Pig.7) may be two-way 
or unidirectional ( Ap° ^ A°p^). 

Severe breakdowns in the Southern system may require power to be 
drawn from the Volga region. Then part or all of the normal Donbass - 
Volga flow will not be available, and power will have to flow westwards."^ 

The operating conditions in other European grid links will also change 
during emergencies. 

Reversed flow operation has the following advantages: an increase of 
the coefficient of transformation of the guaranteed power of the hydro¬ 
electric stations and, consequently, the possibility of an increase of 
its installed capacity and output which, in turn, guarantees the economy 
of the power output of the condensation power stations, fuel economy and 
reduction of the production cost of the energy, reduction of power and 
energy losses by intersystem transmission, cost reduction of intersystem 
transmission in connection with the reduction of the theoretical power 
flow and reduction of the required transmission capacity. 

There are additional ways of increasing the maximum demand covered by 
the hydro-electric stations and the grid flexibility while retaining the 
same transmission capacity. 


• Condensation plant roust be installed between the first and second stages in 
addition to hydro-electric and district-heating stations to accord with long¬ 
term plans. This condensation plant will, as usual, supply the Volga region 
base load. The new condensation plant should be in the Donbass, where coal- 
enrichment residues are available, and not in the Volga region, for economic 
reasons. 

^ This justifies allocating some spare capacity (up to about 300 MW, 2-3 sets) 
at the Stalingrad hydro-electric station to the Southern lines. 
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Reversed flow operation is of advantage when regions with different 
tiroes of roaximum demand, different load curve shapes and different load 
structures are interconnected. It facilitates a new approach to the 
condensing station siting problem. 

Another type of reversed flow operation is obtained by using the 
hydro-electric stations to supply peak loads in the grid when the 
regional load curves and time zones differ. 


Economic efficiency in the European grid 

Some approximate round figures for the efficiency of the European 
grid may be given. 

The capital cost of the intersystem lines is about 5.8 x 10^ roubles,’*' 
and the running cost about 340 million roubles p.a. 

The total capital cost of the European grid will be 9.6 x 10® roubles, 
and running costs 625 million roubles p.a. 

The grid will reduce the requirement for condensing stations by 
4.8 GW.^ 

The fuel saved by the additional hydro-electric output (6 x 10® kWh) 
due to increase in hydro-electric station capacity and the smaller 
auxiliary consumption is about 2.3 million tons of coal p.a. 

The capital saved on generating equipment is 6.7 x 10® roubles and 
the operating cost is reduced by about 1 x 10® roubles p.a. The addi¬ 
tional capital outlay of about 3 x 10® roubles will be saved in less than 
8 years by reduced operating costs (375 million roubles p.a.). 

These estimates are conservative. The actual effect will be consider¬ 
ably larger. For example, the figures do not allow for concentration 
of thermal power stations in individual regions which will occur, nor 
for the savings from the increased guaranteed power from the inter¬ 
connected Volga, Kama and Dnieper systems. The spare capacity reductions 


* The Kuibyshev Hydro - Saratov Hydro and Donbass - Central Black-earth Region - 
Moscow lines are not included. 

^ About 3.9 GW will be supplied by additional plant at hydro-electric stations; 
the spare capacity required will be reduced by 0.9 GW when the difference in 
the auxiliaries at hydro-electric and thermal stations is allowed for. 
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‘r*'" *“ 5' ^ those „re- 

fornulse. The same applies to the sm of the 

eleetrfe ' '“"es. The savings produeed by coupling the hydro¬ 

electric mits to the orals and Southern area before the IndustrlS 

loads in the Volga and adjacent regions have reached the i 

(due to water wastage, have not bee\ .11^: au»aSc“::f 

ditional factors would shorten the tine taken to amortize the cost. 

"f^^Si^'Ts"^!!' T hbove estlnmtes is the 

he fulS utUizer “""‘"‘'“o" >“'11 .11 the lines can 

The above figures refer to the European grid as a whole. Individual 

DonbLriinS Sli°tek T'' Kuibyshev - Urals and Stalingrad 

MosLw and staTi^^ ^ Kuibyshev - 

MOSCOW and Stalingrad - Moscow lines will take about 10 years. 

The problems of the economic efficiency of the European grid will 

arwell\rwh^'^* fh Investigations on the methodological side 

ZtTll accuracy of the fundamental relations and basic 

data IS concerned. Existing possibilities of further improvement of 

the economy of the European grid must be explored and utilized. 


Connexion of the Caucasian and north western systems 

with the Kuropean grid 

Re developing the Caucasian and North Western 

gional grids, and of connecting them to the European grid have not 
yet been fully studied. ’ ' 

In a year of medium water supply the hydro-electric potential of the 
Caucasus has been estimated to be about 180 x lO’ kWh. Caucasian ri^Ls 

lakes ^rcft'f '"T between seasons, storage 

lakes are costly and can only partly even out the annual flow fferdroeranh 

record, tor the Volga and Dnieper differ oonelderably trc™ th^e^rS 

Angusdue to melting snow, 

*o«ld be most efficiently used by 
‘ll' t«rttovl.rU with 

- part. In good years this would reduce the demand on thermal 

• The coefficient of availability was assumed as 0.9999; the average maintenance 

IT "" '“'"ttbr >««. »r. assumed of 

100 MW capacity. 



Fundamentals of an interconnected power grid 


17 


condensation stations in the south and elsewhere. In bad years the flow 
would be from the southern system to the Caucasus. The Caucasian hydro¬ 
electric systems consist of relatively small units, which must be allowed 
for. 

The line connecting the Caucasus with the European grid is about 1000 
km long and about 1 GW capacity. 

It was originally proposed to connect the north western system to the 
European grid by a 220 kV line from Leningrad to Moscow, from which the 
October railway was to be supplied. Such a low-power link (150 - 200 MW) 
between systems of many million kW capacity is unsatisfactory. It is 
necessary to envisage other alternatives which would economically justify 
the creation of a strong power link between the north western Region and 
the European grid. In particular, it is necessary to consider a line 
connecting the Lower Ob hydro-electric scheme with Leningrad via the 
upper Volga region. Such a line would be about 2500 km long and of 
about 2.5 - 3 GW capacity. 

Only a few problems relating to a European grid which have been studied 
in detail by the Institute of Power Engineering of the U.S.S.R. Academy of 
Sciences have been dealt with here. In particular the methods of 
calculating power demand and supply and the economic factors determining 
basic parameters of the grid have not been touched upon. The Siberian 
grid, its connection with the European grid, and the future contributions 
of nuclear power stations will form the subject of separate papers. 



INVESTIGATION OF VARIABLE-SPEED 

A.C. MACHINES* 

I.I. TRESHCHEV 


Introduction 

Modern electrical engineering developments are associated with the 
continuous increase of machine ratings and operating speeds. Transients 
then assume an ever greater importance, and are indeed decisive in some 
practical cases. Cases are known in which a synchronous three-phase 
generator on dead short-circuit has slowed considerably within a 
relatively short time. This retardation is due to the braking torque 
set up by the short circuit, and as the flywheel masses will be different 
in every concrete case the retardations will differ. The torque speed 
function must be known in order to determine conditions under which 
normal operation is rapidly restored. 

The maximum short circuit torque must be known in order to determine 
the mechanical strengths of generator and foundations. But the maximum 
torque depends on the generator speed changes under these conditions. 

The effect of the rate of change of slip on induction motor character¬ 
istics is usually neglected in the theory. The power lost on changing 
the magnetic energy is not considered in the energy balance. Every slip 
is assumed to have a corresponding well-defined torque independent of 
the slip variation rate. However, the static mechanical characteristic 
applies only to the steady state. Even at normal induction motor 
accelerations the actual torque deviates considerably from its static 
value. For example, for a type A92-4 motor with a run-up time 

t = 2.6 = 1 sec, the maximum torque difference will be about 50 per 

cent of the rated value for small slips. 

When the load seizes or jams the retardation is very rapid. If the 
slip variation rate is considered the effective maximum torque may 
exceed the maximum steady-state torque by a factor of almost 2, and the 
rated torque by a factor of almost 5, which must be allowed for in 
specifying the mechanical strengths of motor and load. A difference 

* Elektrichestvo 2, 49-55, 1957 (Reprint Order No. EL2) 
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between these characteristics will also exist when speed control is by 
frequency variation. The effect of slip variation rate on the motor 
characteristic is of particular importance in repeated short-time and 
high-speed processes in connexion with the current general tendency 
to increased operating speeds. A criterion defining the maximum error 
in such cases has already been suggested [l]. 


The short-circuit torque of a synchronous machine can be calculated 
only if the quadrature components of the currents and flux linkages are 
known; this complicates matters even if the speed is constant and 
operational methods are used. On the other hand the short-circuit 
currents are given approximately by simple formulae which are in 
satisfactory agreement with experiment. 

Great theoretical difficulties also arise when an induction motor 
is operated at variable speeds. 

It will be shown that the power associated with the magnetic energy 
during a short-circuit may be determined with satisfactory accuracy if 
the symmetrical current components are known along one axis. These 
data, together with the energy balance, give the short-circuit torque 
simply and with the desired accuracy with due allowance for speed 
changes. Recurrence formulae for the torque of a synchronous machine 
and the stored magnetic energy will be derived from the energy balance, 
from which the behaviour under variable speed conditions can be 
predicted. 


Fundamental relationships 


The co-ordinate system is assumed at rest relative to the rotor. 
The voltage equilibrium equations for the stator and (on the usual 
assumptions) take the form [l], 







+ 

q s ' 
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On a per unit basis and for the rotor we get 


u 


d\p 


rd 


rd 


u 




^ -f 

dt 


c/0 

i r + 

^ c/t 


where: 




(2) 


^d' ^rd* ^d* ^rd* '^d* ^rd^ components of Voltages, currents 

and flux linkages along the c/-axis; u u i i 0 0^.,being the 

components of the voltages, currents and flux linkages along the g-axis; 
^ 0 ' ^0 same for the zero-components; 

resistances of stator and rotor, respectively; 
and CO is the rotor angular velocity. 


For simplicity the zero-components will be omitted because they are 
unrelated to the other components and can easily be considered if 
necessary. For a normal induction motor = o in equation (2), 

and for a normal synchronous generator without damper these equations 
degenerate into one along the direct axis for the field winding. 

If the generator has a damper in the direct axis, the two equations 
will relate quantities referring to this axis, viz. one for the field 
winding and the second for the damper winding. The number of equations 
in (2) will increase with the number of rotor windings. 

Equations (1) and (2) are equivalent to reducing the machine to two 
transformers with windings about the d and q axes mutually related by 
the rotational e. ra. f. These transformers rotate together with the 
co-ordinate system, at the rotor speed (Fig.1), 

If we multiply the left hand and right hand sides of (1) and (2) by 
^d' ^rd Vg ^respectively, and add these parts we get 

dWm 

p Pf ^ 

where p is the total electrical power supplied to the machine or by it; 

Pj, the copper losses in the stator and rotor; coM = co(\p^ \p i ) 
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is the mechanical power supplied to the rotor or derived from it; 
dW /dt. the power expended on varying the magnetic energy. Also 



Pig. 1, Reduction of a three-phase machine to two double¬ 
wound transformers* 

Equation (3) expresses the power balance. It is easy to show that 
if cfW' /dt = 0, no transient electromagnetic processes take place in 
the machine. Consequently, this term in the over-all power balance (3) 
determines the effect of transient electromagnetic processes on the 

behaviour. 


If we introduce generalized complex terms for the flux linkages, 
dj , \Jj , and currents, i , i , of stator and rotor, respectively, (4) 

• s* * s' r 

takes the form:* 


^d\p _ d\p ^ \ 

dt \^dt ^ dt ^ J 

where, i*, i* are the complex conjugates of i., 

The magnetic energy stored in the machine is 

If (S r* + • 

a 2 ® ® i?e 

Differentiating (6) and incorporating (5), we find 


(5) 


(6) 


m 


Subscript Re indicates the real part. 
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(7) 


Equation (7) offers considerable advantages in approximate work. 
Equations (5) and (7) are also valid if we use the complex conjugates 
of the flux linkages instead of those of the currents. Operational 
methods are usually used nowadays with a.c. machines. This is possible 
if we assume the rotational speed constant and that the currents vary 
exponentially. The stator and rotor current vectors i and T, rotate 
at variable speeds, and their amplitudes are also variable, i!'e. 


sm 

= i + ^ro 

rm ^ ^ ^ 


( 8 ) 


where co^, o)^, are the variables. 


Substituting (8) into (7) and considering that for a symmetrical 
machine 

we find 


dW 


m 


1 di 


dt 


sm 


i dt 

sm 




1 di 


's'-s-'Re + 


rm 


Vm dt 
rm 




Re 




(9) 


If the currents decay exponentially then 


1 di 


sm 


1 di 


i dt 

sm 


= -a 


rm 


s * 


rm 


- a 


r > 


where and are the stator and rotor damping factors respectively, 


When the current and flux linkage vectors lie along one axis, for 
example the o?-axis, or almost so (symmetrical components in a three- 
phase short-circuit), the first two terms in (9) may be determined with 

a high degree of accuracy if we consider only the components along the 
o?-axis, since we then get 
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because when and i are small \p is a second-order infinitesimal. 

To determine the last^term in (9) the in-phase and quadrature components 
must be accurately known because 

Herein lies the main difficulty. However, we see from (9) that this 
term vanishes when co = But if the current vectors rotate at dif¬ 

ferent angular velocities (e.g. if the aperiodic component is considered), 
the last term in (9) will not vanish. But we need to know the current 
amplitudes and initial phases only approximately, because the relative 
phases of the current vectors vary continuously. 

This property of d /dt occurs only when variations in the total 
magnetic energy of the machine are considered. It is no longer true 
if variations in the magnetic energy of stator or rotor alone are 
considered. 


If the machine is not symmetrical, strictly speaking, (9) no longer 
applies. However, in most practical cases the error associated with 
the asymmetry is small. Consequently, the property of dW^/dt dis¬ 
cussed above will occur in asymmetric machines, i.e. synchronous 
generators with or without damping windings. 


For a three-phase dead short-circuit at the terminals of an induc¬ 
tion motor, if copper losses are neglected and there is no shaft load 
the dynamic equation and (3) give 







The change in magnetic energy is equal to the change in kinetic 
energy. Applications of the above relations will now be dealt with 


The torque of a synchronous generator on three-phase 

dead short-circuit 


In this case we must put p = in (3). 


Consequently 



M = 


CO 


( 10 ) 
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We stated above that dV/^/dt and the copper losses are practically 
completely determined by the currents in stator and rotor. The short- 
circuit currents can also be satisfactorily calculated from simple 

formulae based on the assumption that the symmetrical component vectors 
lie in the direct axis (2,3). 


Using these formulae together with equation (4), dY! /dt is found 
for a generator without damper winding by assuming that" T', and T (in 
radians) are relatively large (Appendix) “ “ 




( 11 ) 


The main copper loss may be calculated by lyuter’s method (3) by 
considering the losses to currents set up in the rotor by the aperiodic 
stator current component. For a generator with damper winding this 
method, with the same simplifications, gives: 



Equations (10 - 12) show that when the generator speed is sharply 

reduced copper loss effects increase, this causing an additional rise 
in braking torque. 


Where the^angular velocity is constant at the synchronous value 

'^syn " - ^syn = ^ and also if we simplify for T'L T'. and T very 

large the torque formulae coincide with those obtained by hyute?' s 
method L3J. The more exact treatment used here will only apply to 
low-rated machines with small time-constants and running at synchronous 


Pig.2 shows the torque curve for a three-phase dead 
in a W999 synchronous generator (28.2 kVA; 220/380 V; 
no-load operation for = l.and a = 1500 rev/min. 


short-circuit 
74/43 A) during 
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The instantaneous copper losses are considered. The braking torque 
rises very rapidly and reaches almost 10 times its initial value. This 
causes the generator to lock suddenly which from (10) in turn causes 
a further increase in the maximum torque as indicated in Pig.2. 



Pig. 2. Torque variation and dW^/dt curves for a three-phase 
dead short-circuit across a W999 synchronous generator 
(28.2 kVA; 220/380 Y;) 74.3/43 A; 1500 rev/min under no-load 
conditions at E'q = 1. 

... —is the effect of speed change on when 

. msix 

An = -10 per cent. 


Variable-speed operation of an induction motor 


The voltage balance equations for the generator, referred to axes 
rotating at synchronous speed, take the symbolic form 




i r 
s s 


+j 'A, 



X r 
r r 


+ JS A. 


dt 


(13) 
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where and are the complex stator currents and flux linkages 
and are the same for the rotor; 

and are the resistances of stator and rotor, respectively. 


Equation (13-) can be solved by numerical integration if we assume 
__ 0 when s is variable [ 4 ]. But even then special functions have to 
be used and, if the slip-time relation is linear, series which are not 
always rapidly convergent. The grapho-analytical method [ 5 ] also has 
some severe drawbacks. This problem, of considerable practical import¬ 
ance, is difficult to solve. 


The stator and rotor currents will be written in the following form 
so that the energy relations can be used: 
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re 


-f 


rv 
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(14) 


where and are the complex stator and rotor currents which 
approach, and at small rates of change of s are equal to the steady- 

state currents and and i are the complex transient 

equalizing currents of stator and rotor. 


If we assume a normal linear relation between currents and flux 
linkages we get 


'^s “ ^se + ^sv ’ 

= 4’re + ^rv • 




(15) 


The magnetic energy changes associated with the flux linkage changes 

d^j^^/dt^are normally small. Then (13). using (14) and (15) 
splits up into the following four equations. 
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_ _ _ d^jj „ 

^ c ^ + J +- - 

sv s y^sv 


0 ; 


+ js4>rv + 




rv 


dt 


0 


(17) 


A solution of (17) containing no constant term gives expressions in 
the form of elementary functions. Equation (16) is solved from the 
energy balance by successive approximation for the effect of magnetic 
energy changes on the motor currents. When the currents and flux 
linkages have been determined we get recurrence formulae for the tor¬ 
que and stored magnetic energy, from which the behaviour of a variable 
speed induction motor can be predicted (Appendix): 
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where, and are the torque, stored magnetic energy and stator 

current for the n—th range of variation of s; 


M 


M 


SS 


1 + e 


( 20 ) 


€ ^ 


dt CO \ 5 r 


( 21 ) 


is the steady-state torque: 


/ 3 ^ /3 + a'a^(t - /3) ; 

/S = Jsdt; 


a(t) ^ a^t + ais fi 
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Then 
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( 22 ) 


the torque and magnetic enerev storpd in +Ko 4 . 

the static characteristics aS) and ®*jtor are determined by 

ristics. (18) and (19) may be similarly simplified, 

yper losses are neglected and (22) used. 
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S 

Pig, 4, Torque of a A92-4 induction motor on starting with an 

acceleration 2a = -1 sec“^, 

1 - steady-state characteristic 

2 - characteristic including speed variation effects. 

Pig. 4 shows the torque curve for a type A92-4 induction motor (100 kW, 
1460 r.p. m.) run-up time t = 2.6 = 1 sec and 2a = -1 sec“^ (a typical 

practical value). Table 2 gives the numerical values. The figure shows 
that the effect on the motor speed changes on the characteristic is 
fairly considerable around and in the working range. 

By considering the aperiodic current and flux linkage components in a 
similar way, we may predict the conditions during a three-phase dead 
short-circuit across the terminals of an induction motor. 



Conclusions 

The transient torque can be determined comparatively simply to the 
required accuracy by using the energy relations if approximate expres¬ 
sions are available for the currents, particularly the reactive short- 
circuit currents. This enables us to solve a number of practical 
problems. 

Equations (18) and (19) can be used in simple calculations on induc¬ 
tion motors operated at variable speeds where electromechanical transients 
are involved. These transients may solve many particularly important 
problems. 
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A similar study of power surges in synchronous machines and other 

such detailed processes not considered here may yield equally important 
results. 


Appendix I 

The stator currents and i as well as the field current i during 
a three-phase dead short-circuit across a generator without damping 
winding may be expressed approximately by the following formulae [2,3]: 
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The magnetic energy variation dY^^/dt, from (4) taking into account 
(1,2), is 
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Tj and T are some tens or hundreds of radians for normal machines. 

a CL 

For simplicity therefore we may neglect terms containing TJ and 
in the denominator. After substituting the currents from (1,1) into 
(1,2) we get (11) for dW^/dt, 


Appendix II 


The flux linkages of the stator d; and rotor ib are: 
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where x and x are the total stator and rotor reactances; x is the 
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magnetizing reactance. Prom (17), (11,1) and (11,7) we get 
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where a' and a are the damping factors of stator and rotor Since 

Sif 
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As a^'d - s) bas relatively little effect and neglecting second- 
order infinitesimals, integration gives an approximate expression for 
the effect of stator resistance. 
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substituting (11,3) Into (14), we find 
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The complex stator flux linkage Kp , when approximate allowance is 
made for the stator resistance, becomes 


^ . + J^s^s 


(II. 7) 


M and If are given by 
n n 


: [j ill i • ] ; 

rsn sn 


(II.8) 


Substituting (II.6) and (11,7) into (11,8) we get (18) and (19). 

To determine i , M and If we start from (16) and use (3). As 
dW /dt is small we assume to a first approximation that the current 
and* flux linkage variations follow the steady-state characteristics. 
If we simplify the equivalent circuit of the induction motor by 
eliminating the magnetizing circuit, we get 
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Successive improvement of the term for the effect of magnetic energy 
variation on the motor currents, and repeated calculation of the energy 
relations from (3) yield a formula for the torque, viz. 
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The terms in brackets are in geometrical progression; this gives (20). 
The magnetic energy stored in the stator is 


uV* 2 + e(rf + xl) 


^ ru _ ^ "V 
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where 


r 

m 
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THE USE OF AMPLIDYNES AND TRANSISTOR AMPLIFIERS 

FOR INDUSTRIAL DRIVES* 

V.A. NAIDIS 

Machine Tool Experimental Research Institute 


Controlled feed mechanisms driven by d.c. motors supplied by quadrature 
field controlled amplidynes are now widely used on heavy horizontal and 
vertical lathes, boring and milling machines. 

The motor speed ranges on heavy machine tools feed drives must be 
large (1:100 upwards) speeds constant to better than ±10 per cent and 
the automatic control system must be sufficiently fast. The latter 
arises from the need for the drive to be uniform and stable notwith¬ 
standing the varying motor loading from heavy slow moving tool rests, 
head and tail stocks, etc. 

Most heavy electric units use velocity feedback in which the differ¬ 
ence between the set and d.c. tachometer voltages is fed to the ampli- 
dyne control winding either directly or through an intermediate 
amplifier. 

In 1950 ESRIMCL (Machine Tool Experimental Research Institute) 
developed the first electric machine tool feed using electronic 
amplification; this was installed on an experimental vertical lathe 
type P.521. Such units have been widely used in a series of boring 
machines produced by "Sverdlov” machine-tool works in Leningrad. 
Considerable control-circuit gain is required as the speed range is up 
to 1:1800 and this demands intermediate amplification in the feedback 
circuit. 

Intermediate amplification is also advantageous with much smaller 
speed ranges (1:100 or less) if the amplifier is sufficiently simple, 

reliable and of small size. 

• Elektrichestvo No.3, 5-10 (1957). [Reprint Order No. EL.s] 
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If the tachometer's output is fed directly to the amplidyne input 
the amplidyne control winding must be of low resistance to give suffi¬ 
cient gain. The fairly high amplidyne control winding currents required 
demand tachogenerators and reference sources of rather larger capacity 
and size. For example, in units made to the designs of the ^'Elektro- 
privod'^ K.D.B. for large lathes, vertical lathes and other machine tools 
PN-2.5 type d.c. generators built into the feed gearbox are used as 
tachometers being themselves gear-driven. The voltage references are 
too large to be fitted on rack panels. Bulky anti-hunt transformers 
types TS 72-60 and TS 144-110 are used. 

Intermediate feedback circuit amplifiers greatly reduce the size, 
weight and price of tachometer, regulator, etc. Smaller d.c. or a.c. 
tachometers integral with the motors can be used as well as small 
speed (references) with or without contactors which can be controlled, 
from several places, e.g. from rack panels, as well as small anti-hunt 
R-C -circuits. 

Intermediate feedback circuit and amplifiers improve the speed 
stability against load variation, reduce the effect of magnetization 
in the amplidyne winding, heating, exciter voltages etc. At constant 
overall gain, the gain of the time-lag element (amplidyne) can be 
reduced because the gain of the quick response element (intermediate 

amplifier) is higher, and this produces an improvement in the transient 
response. 

Disadvantages of intermediate electronic amplifiers in units with 
speed ranges of 1:100 are limited valve life, filament preheating time, 
etc. 


A number of organizations "Elektroprivod'^ Central Design Bureau, 
the Leningrad Electrotechnical Institute, together with the ‘^Sverdlov'^ 
machine tool factory ESRIIVICL, etc. have worked on intermediate magnetic 
amplifiers powered at 500 and 50 c/s. A 500 c/s magnetic amplifier can 
replace an electronic amplifier completely, but a frequency changer is 
required. A magnetic amplifier supplied from 50 c/s mains cannot be 
made to give a short enough response time. Stability becomes difficult 
to obtain because there is now an extra time constant. It was quite 
sufficient in the intermediate amplifier control system to introduce an 
amplidyne feedback to the intermediate amplifier input via an R-C-circuit 
A magnetic amplifier control system also requires a series of derivative 
feedbacks between the amplifier stages and overall derivative feedback. 
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Transistor amplifiers 

The production (1956) of a 1 W output Germanium transistor (type 
P.3) by the electronic industry resulted in the development of a 
transistor amplifier for machine tool control systems. Transistor 
amplifiers comparable with electronic amplifiers on gain and response 
time have advantages such as longer life, fewer service faults and 
smaller size. Transistor amplifiers have lives 10-15 times greater 
than vacuum valves. Transistors have no heaters and hence no warm-up 
time. The higher efficiency as compared with the electronic amplifier 
reduces the size of the supply transformer, rectifier and voltage 
stabilizer. The complete transistor amplifier is therefore only about 
half the size of an eauivalent electronic amplifier. 

The comparatively low input impedances of transistors might appear 
to be a disadvantage since this restricts the tachometer and reference 
source resistances and increases the derivative circuit capacitances, 
but these disadvantages can be avoided by using suitable circuits. 

The lower input impedance of a transistor amplifier enables one to 
Isolate the input without fear of producing interference and noise. 

The need to earth the input of an electronic amplifier is disadvantageous 
especially when the amplifier and the rest of the drive circuit are 
connected electrically. Current production transistors still show 
large scatters in parameters; moreover many with high initial collector 
currents must be rejected as unsuitable for use in d.c. amplifiers. 

The main disadvantage of transistors is, however, their sensitivity 
to ambient temperature variations. For example, in a simple two-stage 
amplifier with PSA transistor the output current changes by factors of 
1.3 — 2 according to the working point used when the ambient tempera¬ 
ture varies by 30°C. This causes difficulties in using transistor 
amplifiers in modern feed controls. Various methods of transistor 
amplifier temperature compensation are given in foreign journals. 

Either p-n-p and n-p-n triodes are used in alternate stages or else the 
parameters are stabilized by means of nonlinear resistances sensitive 
to ambient temperature. The first method cannot be used here because 
Soviet industry does not produce the barrier layer n-p-n type transistor. 
Parameter temperature-compensation circuits have been tested satisfactorily. 
Their disadvantages lie in the need to adjust the circuit, and the 
compensation is upset when one parameter changes. Considerably better 
results are obtained when the temperature compensation is obtained 
via special interstage circuits. 
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Pig.l. Outline circuit of a two-stage balanced transient amplifier. 

cw 1 , cw 2 amplidyne control windings. 

PI * P4 transistors type PSA. 


Pig.l shows the basic circuit of a two-stage balanced amplifier with 
P3A transistors which can be used for reversible drives. Temperature 
compensation is obtained as follows. The collector current increases 



Pig. 2. 
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with ambient temperature. The collector current increase in stage one 
causes a decrease in positive emitter-base current in stage two i.e 
the load current falls. Suitable choice of the resistance controlling 
the collector-emitter voltage and suitable gain of the first stage and 
the use of negative feedback gave a characteristic - I = /(!/• 
almost independent of ambient temperature (Pig.2). 


Units using the tachometers 

Fig.3 shows the basic circuit of a feed drive for heavy horizontal 
and vertical lathes developed by the ESRIMCL. In these machines one d. 
motor provides feed movement in two directions at 90^. The feed direc¬ 
tion is controlled by four electromagnetic clutches also used for 
copying work. A simple non-reversing circuit can then be used. The 



Pig. 3 Outline circuit of the feed drives of horizontal and vertical 

lathes using d. c. tachometers. 

lil/ induction motor, A amplidyne type EMU-25, 2.5 kW, 230 V, 2850 
rev/min, M motor PN-28.5, 4.2 kW, 220 V 22 A, (Idon = 13 A at n = 0), 
TG tachogenerator TMG 30P, 250 V, 4000 rev/min, Ti - Ts transformers, 
KS voltage stabilizer. PI transistor P3A. P2 transistor PIA, 

Bi, B 2 DG TS 27 diodes. 
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speed ranges required may be as high as 5000 - 10000. But electro¬ 
mechanical control plus gearbox-controlled steps of 1:100 would be more 
suitable. 

A signal proportional to speed is provided by a small permanent-magnet 
d.c. tachometer TG» attached to the motor M, The difference between 
the set voltage and the velocity feedback signal is applied to the 
transistor amplifier input. The amplifier has r.c. feedback. 



Pig.4 General view of the intermediate transistor amplifier 

(circuit diagram of Pig. 3). 

A photographof the two-stage transistor amplifier shown in Pig.4 
forms one of the arms in the circuit of Fig.l. At zero input and 
positive emitter-base in the first stage the collector current of the 
input stage is a maximum. The output stage load current is then a 
minimum (Pig.5). The working point at the minimum motor speed 
is determined by the control winding flux cw 4 , and the residual flux 
in the amplidyne. By varying the resistance in the circuit of cw 4 
it is possible to adjust this current to ensure maximum amplification 
at minimum motor speed and to reduce the effects of ambient temperature 
variations. The input is shunted by germanium diodes and to 
protect the amplifier against large input voltages during transients. 

has a voltage limiter protecting against the effects of the forward 
resistance of the diode in the steady-state conditions. 
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Pig. 5. 

The current limitation is not different from that usual in amplidyne 
circuits of electric drives. The negative voltage feedback in the 
amplidyne effects braking and demagnetization on switching off and the 
compensation winding is shunted by a small resistance. 

The unit was tested on the test bed and on a vertical lathe over a 
motor speed range of 1:100 (25 - 2500 rev/min). The set speed was 
constant within ±10 per cent for load variations from zero to rated load, 
the exciter voltage variations from 0.85 to 1.1 U^, ambient temperature 
change from 10 to 40°C, and amplidyne remanent voltages of -20 to ±20 V; 
temperature rise of the machine during 8 hour continuous operation at 
rated load, variation of the transistor amplifier supply voltage from 
0.85 to 1.1 of the antihunt circuit leakage resistance by up to 
1000 n, and successive replacement of both transitors. 

Transient tests are equally important in heavy machine tools, 
especially sudden load change tests. It was stated above that during 
low-speed saddle feed movements without cutting work being done the 
load varies periodically. When the load suddenly changes the motor 
speed varies because of the natural regulation in the drive, recovering 
after a time dependent on the control system response time. 
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The initial motor speed change, the tool movement during the transient 
and the recovery time are all important with machine tools. At present 
there is no rule covering the permissible values of these quantities. 

The permissible overshoot under transient conditions should not, however, 
be more than 0.2 of the minimum feed rate expressed in mm per faceplate 
revolution. 

For heavy horizontal and vertical lathes the minimum feed rate per 
revolution is supposed to be not less than 0.05 - 0.1 mm/rev and 
therefore the saddle movement must not be more than 0.01 - 0.02 mm. 

The reduction ratio from motor to saddle must be taken into account when 
calculating the permissible armature rotation. In heavy lathes the 
minimum feed-drive motor speed corresponds to a feed-rate of 0.1 - 10 
mm/min depending on the lathe type and size. In the most unfavourable 
case, viz. 10 mm/min at a minimum motor speed of about 25 rev/min 
the permissible angular travel is 10 - 20^. 



Pig. 6. 

Pig.6 shows an oscillogram for sudden load changes at 25 rev/min 
(range 1:100). The load change was 75 per cent which is 2 - 3 times 
more severe than the values usual under actual lathe working condi¬ 
tions. The oscillogram shows that the motor overshoot As, did not 
exceed 10 per cent, i.e. the fundamental requirement was satisfied. 



Pig. 7. 
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When the overshoot as a function of transient time was recorded for a 
minimum motor speed of 25 rev/min the angular travel (S) was between 2 
and 20^ which corresponds to saddle movements of not more than 2 — 20/2 

(Fig. 7) in heavy horizontal and vertical lathes, even under the most 
unfavourable conditions. 

Starting and braking at maximum motor speed are less important with 
these machine tools since electromechanical clutches are usually used. 



Pig. 8 

Fig.8 shows an oscillogram for a motor starting under load and running 
up to a 2500 rev/min. The long run-up time is due to the current being 
limited to the rated amplidyne current. The transient response time 
could be reduced considerably by increasing the amplidyne rating to 
4.5 kW and the maximum current to 40 A . 


Electric feed using an a.c. tachometer 

The following advantages follow from replacing d.c. tachometers by 
a.c. ones: Absence of brushes and slot or commutator ripple on the out¬ 
put, and the possibility of using contactless selsyn regulators, the 
output being compared directly with the tachometer voltage. 

Induction type a.c. tachometers with cup type rotors give outputs of 
constant frequency (50 c/s) this being their main advantage over syn¬ 
chronous a.c. tachometers, but induction-type tachometers with low 
induced e.m. f. s are very difficult to make. 

The first experimental induction-type a.c. cup type rotor TG-56 
tachometer has now been produced at The Moscow Electromechanical 
Engineering works to ESRIMCL specifications. The induced e.m.f. does 
not exceed 15 mV in these prototype tachometers the alternating 
component being 2 - 5 mV for a 60 V rating at 4000 rev/min. 

ESRIMCL developed an electric feed unit with a.c. tachometer and 
transistor amplifier in which control of the feed from a number of 
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separate locations is particularly required with heavy vertical lathes, 
where the control must be both from a central panel and from the tool~ 



Pig. 9 Outline circuit of heavy and turret lathe feed drives using a.c. 

tachometers. 

M d. c. motor, A amplidyne, IM induction motor, TG tachometer, LS - 35 
selsyns, N6 non-movable selsyn, VS voltage stabilizer, PI - P4 transis¬ 
tors, semiconductor diodes, cw 1 - cw 4, amplidyne control 

windings. 

post control panels. Pig.9 shows the basic circuit without the current 
limitation, demagnetization and braking feedsback. 

Selsyn receivers at appropriate check points transmit the required 
speed variations. 15 - 35 Selsyns serve as indicators, their secondary 
windings giving the required reference voltage. 

The voltage from the stationary Selsyn NS on the control panel is 
subtracted from the output voltage from the 15-35 Selsyns (Pig. 10a) 
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Fig. 10. 

The curve (Pig. 10b) gives a convenient scale for the 

speed recording selsyns (these scales cover unequal ranges). The 
capacitor connected to the tachometer primary causes a phase 
difference of 180*^ between the speed voltage feedback and (J^, 

Ui - the transistor amplifier input. This differs 

from the amplifier shown in Fig.3 only in having a preliminary phase- 
sensitive stage with PIA transistors (PI and P2). The diodes and 
prevent reverse currents through the transistors. 

The a.c. tachometer drives were tested over a speed range of 1:100 
the test programme being the same as with the d.c. tachometers. The 
results were very similar. 


Conclusions 

Intermediate amplifiers should be used even in automatic speed 
control systems for heavy machine tool feed drives using small speed 
ranges (1:100 and less) which could be controlled without them. The 
intermediate amplifier reduces the sizes, weights and prices of the 
regulators, tachos and damping circuits required and improves the 
drive characteristics. 



SHORT-CIRCUIT TRANSIENTS ON LONG LINES 


R. I. KARAEV* 

Molotov Power Engineering Institute, Moscow 


When long lines are affected by short-circuits, wave phenomena occur 
which cannot be obtained in circuits with lumped parameters. Although 
several papers on this problem have appeared [1.2] only the methods 
of solution have been described. The solutions are obtained by 
numerical methods which sometimes lead to tedious calculations involving 
complex numbers. The classical orthogonal function method (Sturm- 
Liouville's problem) which is comprehensively treated in works on 
mathematical physics [3] has not yet been applied to this problem. 
Sturm-Liouville's treatment assumes self-adjoint boundary conditions 
at the ends of a system with distributed parameters (open-circuit or 
short-circuit conditions, or time-independent ones). This condition 
is not fulfilled in transmission line circuits, especially compensated 
ones, in which the functions are not orthogonal in the narrow sense 
as formulated in Sturm-Liouville^s problem. But when the system is 
considered as a whole, the functions will, nevertheless, be orthogonal 
in loss-free systems. The method described here is based on the 
orthogonality condition and yields a general solution for every 
concrete case. Such a solution facilitates analysis of the way indivi¬ 
dual parameters affect the phenomena without involving laborious calcula 
tions. The structure of the solution obtained is connected with the 
normal co-ordinates (natural oscillations) of the system which is 
advantageous when protective relay operating conditions are to be 
predicted. 

Only the fault component of the short-circuit current is computed in 
this method since the normal load conditions can easily be determined. 
Transient phenomena in a three-phase circuit are considered using a/30 
components. This is superior to the symmetrical component method under 
these conditions [2,5]. Thus the problem is reduced to the formulation 
of the additional sinusoidal e.m.f. in the individual single-phase 

♦ Candidate in Technical Sciences, Molotov Power Engineering Institute, Moscow 
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component circuits when the initial condition is zero, the circuits 

being connected m accordance with the varying fault symrnetry or 
asymmetry. 


The circuit then has linear parameters, since the voltages in the 
various parts of the circuit do not increase during the short-circuit 
even when the neutral is not effectively earthed. Iron-cored trans- ' 
formers and reactors also continue to operate on the linear parts of 
their characteristics. This simplifies the problem considerably. 

Only the currents and voltages during the first 3-5 cycles are of 
interest at 50 c/s, since after that time the transients on the line 
have practically decayed. The operating time of the main protective 
equipment of a long line usually falls within this interval, and 
during these first 3—5 cycles the negative-sequence impedances in 
turbo-generators and in machines with damping cages, which are usually 
large hydro electric generators, differ from the positive-sequence 
values by not more than 20—25 per cent [4l. Moreover, with long 
transmission lines the generator reactances are of secondary importance, 
and in practice it is therefore possible to ignore this difference 
since it would not reduce the accuracy appreciably. 

The method may be demonstrated by computing for a single-phase short- 

circuit at the end of an uncompensated long line supplied at both 
ends (Pig. 1). 




Pig. 2 
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the'^f-Znlnpnf representing 

being halvL feV zero-component, the impedances 

being halved L2J. At first we consider circuits consisting of 

InSLTJir"^" subsequently be extended to 

include active resistances. 


Prom electromechanical analogies [6] 

charge Q(x,t)t which has passed through 
time t. 


we take the unknown to be the 
a point X on the line at a 


Q must satisfy 


3 ^Q(x, t) 


1 3 ^Q(x, t) 


LjC^ 'dx^ 


and is related to the voltages and currents at the 


point by: 


u(x,t) = - 


1 ^Q(x,t) 


( 1 ) 


i(x, t) = 


3Qfx, t) 
d t 


Separating the variables, we obtain the solution in the form: 


CD 


Q 


f(’^) 



k=t 


Pkf 


OJ, 


^k(m) - ■* + 


V 


( k) 


( 2 ) 


+ B 


CO, 


k(m) 


COS 


V 


(fn) 


Pof^O(m) 


where 


(3) 


^kf ~ ^ > 


'of = ”ot + '”( 


* subscript ( 1 ) indicates quantities relating to the a- 

relating to both components; (k) denotes quantities relating to the i-th 
root of the characteristic equation * 
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the cOf^ are the angular frequencies of the natural oscillations; 
the v(ni) are the electromagnetic wave propagation velocities. 


The boundary conditions for the circuit shown in Pig.2 are as 
follows (quantities corresponding to the root k = Q will be considered 
later): 

1 _ j ^'Qf(M) 

dx ~Ti2 


l(m) 


X=0 


(4) 




^1(1) 




x = l 


(5) 






3 t2 






3 t2 


( 6 ) 


x=l 


Using equation (4) and assuming that 

Pkf - ‘‘^kPkf 

we get 

^k(n) = ~^k(m) 

where 


's (m) 


‘^k^y(m) 


- ^k(m) ^lk(n) 


(7) 


d 


lk(m) 


tan~^ 

^ s (n) 


^s(n) surge impedance of the line. 

Substituting the in equation (3), we find that 


f('n) 


cos ^ , „ V 
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The boundary condition (5) leads to the relation 


sin - 


■ ~h(i)^s(i) 


sin 


sin d 


ik(i) 


and (6) gives the characteristic equation as: 




's(l) 


cot + 


■s(i) 




COi 


+ 


'S(2) 


cot + 


( 2 ) 

^^2(2) 


= 0 , ( 8 ) 


the roots of which are the natural frequencies of the system. Equa¬ 
tion (8) is solved by iteration; the solution is not given here. 

Passing from the free components to the actual values of the quan¬ 
tities, we write them in the following way: 


00 





% 


°°s HA ( 1 j ^ 


= 1 


■^s(i) sin 




( 9 ) 


(z) 




cos(a;j/vc2) * + 6^k(2)) 


- sin 


( 10 ) 


where 


<?fe - -pAn^ri) ■ sin — 


Lagrange's equation is used to determine the generalized co-ordinate 
q^{k > 1 ) ( 7 ) 

d /Br\ BK Bf 
9*/ °<lk 


oft Vd a! j B 


( 11 ) 



short-circuit transients on long lines 


51 


where T is the magnetic field (kinetic) energy of the system as a 
whole, (Pig.2); 

V is the electric field (potential) energy, 

F is the electromagnetic energy loss function ( in a lossless 
system F = 0) 

is a generalized force. 

The well-known theorem in algebra, that two homogeneous quadratic 
functions can be reduced by linear transformations to a sum of squares, 
can be used to give V and T for a lossless system in a form having no 
cross-products of co-ordinates (or velocities) but squares only 
[8, p.20l]. 

With lossless long distance lines the above transformation of V and 
T is not required if these are considered for the system as a whole, 
i.e. they will not involve cross-products (of and g^). This is 
also a property of orthogonal functions in general with consideration 
of the loads which also extends to the direct current component 
(corresponding to /z = 0). 

It is not necessary to calculate both T and V when considering 
harmonics since in a lossless system V is obtained by multiplying the 
corresponding terms in T by [8, p.205]. 

It is simpler to calculate V for Pig.2, this being:- 



where 


1 
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00 
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k( m) 


2V 


l(m) 






, , sin2(a)^T. . + p 
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Adding the energies for both components, 
system as a whole is 


we find that V for the 



where 



Fig. 3 



Pig. 4 

If the line is capacity-compensated (Pig.4) the energy stored in the 
capacitances would have to be added. 


Substituting V and T in equation (11) we get 

afe(i?fe + = fk 


( 12 ) 


To find /. we must determine the energy the generator supplies when 

fC 

qjj changes by Ag^; 


fk = 


u A(? 


s^'^ks 
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where 


u 


sin (a)t +0) = the switched e.m.f. 


Since 


qf^dt 


H 


CO, 


we obtain 


'L2k(l) 


' 2 ( 1 ) 


^k(i) 


dt 


x= I 


1 




dt 


3 X 




x=t 


^k^2(t) 


(13) 


Prom equations (9) and (13), the charge passing through the source is 


AQ, 


A 




(1) 


cot + 


'«( 1 ) 


^k^2(l) 


And finally the expression for the generalized force is: 


fu - 


cot + 


'*(1) 


^k^2(l) 


V. 


max 


sin (cot + \p ). 


(1) 


The integral of (12) [ 9 , equations 5-96] is: 


% 




ri)H 


0)2) a, 


CO 


sin (cot +0) “ sin (/) cos - — cos (// sin oo^t 


. (14) 


Substituting this in equations (9) and (10) and further in (1) and (2) 
the formulae are obtained for currents and voltages corresponding to the 
characteristic equations in (8) for k ^ 1. 
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In a lossless system the d.c. components of the free current and 
potential energy correspond to the root k = 0, and are zero. Fig.3, with 
open-circuited capacitances, also gives this result. 


The Lagrange equation (in a lossy circuit) is then written as 


dt V g' 


+ 


dF 


= /, 


(15) 


Prom the line current components corresponding to fe - 0, 



plX 


0^0 


y 


the current component in the supply is 


I z: p[X 

50 


0^0 (m) 


^2(m) 


Assuming that this affects the a- and zero-components in the same 
way, the generalized co-ordinate is 



„y h(m) 

Fq'^O -f " 

^2(m) 


So the generalized force is 

/o = si" ■ 

The magnetic "energy component corresponding to fe = 0 is 


where 




and 


(fn) 


^h(m) ^2(m) 

^i(n) + + ^2(m) 
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The solution to (15) for a lossless circuit (F = 0) is 


= 


^ - cos (cot + i//)] 


coa. 


(16) 


Circuits with losses will now be considered, 


The resistances in the equivalent circuits for single-phase and two- 
phase earth faults are 


where = 1.57r‘10~‘*ii'j^ ohms/km [lO], is the earth impedance per unit 

length (depending on frequency) 

= the conductor impedance per unit length 

The line zero sequence inductance is only slightly frequency- 
dependent, and this effect will not be considered in what follows. 

Unlike T and V, cross-products are retained in F and these influence 
the results somewhat. Assuming that the current distribution depends 
basically on the reactive elements, the dissipation function F.,. for 
the line is: * 


I (m 


> - 


/• 






> (±g') ^ 

[kk ^s(m) 


+ 9n 


2(m) 


° ^l(m) + + ^2(m) 


dx = 


00 



00 




n=0 


* In this formula the positive sign corresponds to « = i and the negative 
sign to -m = 2 * 
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where 
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y “ ^ln(n.)^ ^2(^) 


2co^ s in (co^r 


^n‘ (m) ^l\fi(w,)^ ^^l(rti) ^ (m)^ ^2 (m)^ 


(k 


0 ) 


The quantity appearing in the dissipation coefficient is 

given by 


Ikn(m) 


^Ik (m) ^ln(m) 


The current through R (Pig.2) is 


1 


3 Q 


(R) 


^l(2)^2(2X 


ill 


^ X dt 


00 


2 




a).L 


k-i k 2( 2 j 


^0^0 (2) 
^ 2 ( 2 ) 


x= I 


* In this formula the positive sign corresponds to ^4 = 1 and the negative 
sign to -/tt = 2 . 
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The dissipation function for R is: 


(B) 


Ril 


llil 

2 



k=Q 


k(R) 


+^hn(R) 



n =:0 

ni^k 


where 


k(R) 




kn (B) 


2 Cl) Lj^ / \ 

k n 2(2) 


'o(R) 


r 2 ' 

2(2) 


-RL 


'on(R) 


0(2) 


2CO L^/.\ 
n 2 (< 2 ) 


The dissipation coefficient for the circuit as a whole becomes 

- ^k(i) ^k( 2 ) + ^k(R) 

^kn ^0 ^on calculated similarly by summing the individual 
components. For the generalized co-ordinates we substitute V, T and F 
in equation (11) and obtain a system of (k 1) differential equations: 


^ ^kn^n = 4 


(17) 


n=0 


By successive approximation [ll] we first eliminate the term S6, q' 

kn 

Cwhich is small compared with the others) from the left hand side. 
Tlien equation (17) separates into independent equations: 


+ ^k°'k%i + ^k^ki - h 


(18) 


the solutions being (9, 5-94): 


^kl = 7)^max “<'OS(a;t + 


+ e _!l cos(ifj - cp^) sin 


sin(i// - <p0 sin + cos (p - <pf^) cos 


(19) 
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where 


% 


max 




tan cpi 


o)^ - cot 


2h^co 




(k ^ 1 ) 


s 


2a, 


O) 


kr 


M 


H 


Further, q^j is 
^kl ~~ ^femax 4 . — (pf^) *“ c 


-S^t 


sin(i//- 0^^) cos coj^^t + 




hr - b 

+ — L cos(^ - <pr) sin o), t - —L-sin(i// - 0, ) sin (D, t 

CO . CO, * 


s 


. CO 


kr 


> (fe > 1). (20) 


When k - 0 we have 



9omax ^ [sln(a,t + 



sinixp - 


where 


a 


max 


sin 0 


omax 





( 21 ) 


To find the second approximation, q^^j, it is necessary to substitute 

~ %l + 'ikil terms and only the first approximation 

” ^nj necessary in the summation Substituting these values 

and solving (18) we obtain 

03 

+ ^k^kll = -^ Hn^nl > 0 ) . 

n=0 


Applying Duhamel’s formula [9, equations 5-116] 
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__ sina)^^(t 




OlO) 
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00 
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dk . 
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can be obtained from [20,2l] by substituting subscript-n for 

subscript k. 


Since is only a correction to g^j, we assume in the following 

calculations that 

Then: 


00 


%1I 




^kn^nmsiX^ 


n=o ^kf^kr 
ni=k 


h* 


• 0 )^^ sin(a)t + i// - 0^) + coe * sin(a;^^t 
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-S Lt 
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kr nr 


(k » 0) (22) 
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•8 f 


+ e " cos(coj^^t + \// - 
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-.8 L f 

e ^ cos 


o;^ - co^ 

K.r nr 


>(k > 0) 


(23) 
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qj^j- (first approximation) gives the reactive current components 
with adequate accuracy. (second approximation) differs in 

phase from the first by 77/2 and gives the ohmic current components 
satisfactorily. These approximations always suffice since in the 
majority of practical calculations the first approximation is 
sufficiently accurate, and (22) and (23) need only be used to check 
the error involved. 

The active resistances affect the current distribution mainly via 
the component corresponding to k = 0, Therefore the zero-components 
of the currents and voltages should be calculated direct from the 
circuits in very complicated systems with open-circuit capacitances 
and high active resistances, without applying Lagrange’s equation, (15), 
in order to avoid errors. 

Using the generalized co-ordinates and their derivatives, together 

and (10), the required currents and voltages are 

cos((a)feA^^))a:+ 

^s(i) + ^ik(i) 

+ ^ 0 ^ 2 rij _ . (24) 

^i(i) + '^^2(0 


^1^2(1)^'^ 1(1) + + 'io^2(lfl(\.)x ( 25 ) 

^l(l) + + ^ 2 ( 1 ) 

i.j and u/gj are written by analogy by interchanging subscripts (1) and 
(2) and reversing the sign. The components corresponding to ^ = 0 do not 
alter in sign. 

The known relationships in the aj60 system [ 2 ] can be used to calculate 
the phase currents and voltages in the three-phase system. The forced and 
free components were calculated simultaneously above. Obviously, they can 
also be found individually by the symbolic method [9]. 


♦ 


with equations (9) 
found to be: 


00 





( 1 ) ^ ^ '3'* 

fe=l 


See (9) and (10). 
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The formulae for a three-phase fault on a compensated line are given 
in the Appendix by way of an example. More complicated systems can also 
be treated by this method. 


Appendix 

Formulae for use with three-phase faults at the ends of compensated lines 

(Pig. 4) 


Characteristic equation: 

1 ^ ^ 
cot(w^T + $^f^) + Z^/u>^L^ cot o>^ + Z^la)f^L^ 

Currents and voltages 
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N. = 


sinCojjjjT + ^ 3 ^) sin 6 


2k 


sin ^ 3 ^ sinicOf^T + + d^f^) 


(k ^ 1 ) 


r^l 


■^■3 + I ^ 


The amplitudes of the generalized co-ordinates are 

sin 0, 

9kmax = 

The coefficients in the differential equations for the generalized 
co-ordinates are: 


"" 417 " sin2(a)j^r + 6^,^) + sin 2^^^] + 


+ Sojj^r - sin + 


4 + 8^^) , 


(fe > 1) ; 


r, Z. 


L, 4cuj 


= — iTT + ^1*)- 2^1*] + 


+ 2a)^r + sin 2ct)^r 


(fe ^ 1) . 


^kl* ^kl’ ^fe' *5^*^ ^ 0 ' “^ifer given by the above formulae. 
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RATES OF RISE OF RESTRIKING VOLTAGE ACROSS 
CIRCUIT-BREAKER CONTACTS IN 
LARGE POWER SYSTEMS* 


M.M. BELOUSOV** 

Lenin All-Union Electrical Engineering Institute 


The rate of rise of the restriking voltage across the contacts of a 
circuit-breaker clearing a short-circuit is determined by the circuit 
parameters (neglecting post-arc conductivity). Most determinations of 
restriking voltage characteristics from theory or experiment comprise 
values corresponding to various points in existing systems and which 
are expressed statistically, (by their frequency or by the rate of rise 
of restriking voltage) and the restriking rate requirements are specified 
to correspond [l-3]. 

The design of new circuit breakers must not be governed by present- 
day operating conditions but should envisage conditions which will 
probably obtain in 5-10 years time. 

The growth of system power is not only due to increase in the number 
of elements (generators, transformers, transmission lines) but also to 
increase in their power ratings and to the tendency towards higher 
operating voltages. 

The increase in transformer ratings results in a greater short- 
circuit MVA at the terminals. To preserve the original operating 
conditions for a circuit-breaker clearing a fault on the transformer 
busbars, the increase in the short-circuit MVA would have to be 
accompanied by a reduction in the restriking voltage frequency. But 
the frequency does not decrease, and actually becomes slightly higher. 

When the system voltage is increased, the number of transmission 
lines connected to the station busbars is usually reduced. This 
produces a higher resultant characteristic impedance of all lines 
connected to these busbars, and also increases the likelihood that a 

* Elektrichestvo 4, 21-24, 1957 (Reprint Order No. ELS) 

** Candidate in Technical Sciences 
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fault occurring at the beginning of one line may be cleared when no 
other line (or only one) is connected in parallel. In both cases the 
rate of restriking voltage rise (s) may become high. 

Analogue studies of an isolated station with powerful generators (4) 
indicated values higher than those present in actual systems. It will 
be shown later that these results are insufficient as criteria of the 
values in large power systems. 

Let us consider, for example, the S value for a 220 kV circuit 
breaker interrupting a fault at the point K-1, Pig.l. We will assume 



4^kV 


Pig.l 

that the transformer rating is 360 ivWA, = 14 per cent, a winding 
capacitance of 10,000 pP and an external circuit capacitance (busbars 
and circuit breaker) of 600 pP. Referring one half of the winding 
capacitance to the line terminal and assuming the h.f. inductance to be 
90 per cent of that at 50 c/s, the natural frequency of the restriking 

voltage becomes 


/ 


—1= = 9.04 kc/s 
2rfvL^L 


where = transformer inductance 
t 


Q =: capacitance to earth of the transformer line terminal. 


Another method is to assume the **high frequency” inductance to be 
the same as at 50 c/s and to consider only one third of the winding 
capacitance. Then / = 10.2 kc/s. In what follows the average value 
of 9.6 kc/s is used. It is obvious that when a short-circuit behind 
the transformer (K-2) is interrupted we should get the same fundamental 
frequency if the reactances of the other sources referred to the 220 kV 
busbars were smaller than the transformer reactance. 


The above frequency is much higher than those at which 220 kV 
circuit-breakers are tested at present; the short-circuit MVA 
interrupted in Pig l.can also be considerable (in the example about 
2000 MVA). 
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In determining the 5 values let us consider only a three-phase 
fault not involving earth. The amplitude of the 50 c/s recovery 
voltage is then 


^0 



Pig,2. Iq is the referred inductance of the system; is the 
equivalent parallel capacitance across the left-hand winding 
of the transformer; the transformer inductance, and the 
capacitance from live to neutral of the transformer secondary. 


If a fault occurs at K~1 the circuit of Pig.l can be considered as 
a double-frequency circuit (Fig.2). 5 is then determined by the h.f. 
component, of amplitude proportional to L^: 


s = 4/ X 1.15 X 1.5[/p^ \/2 




220 

4 X 9600 X 1.15 X 1.5 X — 7 =- x /2 x 0.835 x 10 

1/3 


= 9.9 kV//isec 

(Allowance has been made for a possible increase of 15 per cent in the 
system voltage.) 

An amplitude factor of 1.57, which allows for the damping is introduce' 
when this formula is used for determining the maximum S. The experimenta 
value of this factor is about 1.6 [l]. 



Pig. 3. 
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Consider the circuit of Fig. 3. In this case we assume the short- 
circuit MVA at the 400 kV busbars to be 15,000 MVA with all the 220 kV 
lines in circuit and that at the 220 kV busbars to be 10,000 MVA. The 
transformer parameters are the same as those of Pig.1. Then if all the 
220*kV lines are disconnected, the short-circuit MVA interrupted on 
clearing the fault at K-1 is 364 MA and L^/(L^ + Lp 0.71. Assuming 
further that the total capacitances of the busbars and 220 kV switch- 
gear is 6000 pP, the h. f. component frequency becomes 


/ = 


10 


2 X 3.14/0.9(0.06/2) [2(10000/2) + 6000] 


and hence 


220 


S = 4 X 7650 X 1.15 X 1.5 -TT X 0.71 x 10“® 

v/5 


10“"^ = 7.65 kc/s 


= 6.72 kV//isec 


Let us next determine 5 at the full short-circuit MVA (10,000 MVA) under 
the least favourable conditions, i*e. when a large short-circuit MVA 
obtains at a given point (due mainly to generator proximity) and the 
number of outgoing lines on the busbars is least. 



220 


Pig. 4. 

Consider a station with five outgoing lines (Pig.4). Three lines 
connect the station to a large power system, the other two are either 
spur lines, or may be interconnected with stations which affect the 
short-circuit currents at K-1 to a negligible extent; one of these 
lines has been switched off earlier. 

Conditions are then most severe when clearing a fault on the spur 
which had been left in circuit. 

For simplicity assume the three lines of the same length (100 km) 
and that the distant busbars are of infinite capacity. This does not 
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introduce any serious errors since the line reactances are high by 
comparison with the referred reactances of the large power system. 

Calculating according to the method of [l], we get the restriking 
voltage curve shown in Pig.5. The restriking voltage is expressed as 
a relative quantity in this figure, and also in Pigs. 6 and 7, the 
amplitude of the 50 c/s recovery voltage being taken as unity. 



With this shape of restriking voltage curve it would be incorrect to 
determine S from the slope of the tangent at the origin. The mean rate 
of rise to the maximum would also be incorrect, since this would be 
too low. 

We shall take the rate of rise to be the average rate for the interval 
from the origin to the point corresponding to 80 per cent of the 50 c/s 
recovery Voltage amplitude. The point corresponding to 100 per cent 
of the 50 c/s recovery voltage amplitude should not be used, since 
this would give values much too low with nearly-aperiodic curves, and 
zero rate of rise in the limiting case of complete aperiodicity. 

The value of S and the amplitude factor as determined from Pig. 5 are 
2.05 kV//isec and 1.53 respectively. 

If the number of lines is increased in Pig. 4, S will be lowered, e.g. 
if the number of lines is raised from three to five, S drops from 
2.05 kY/jjisec to 1.38 kV//isec. 

These relatively high S values are typical for stations and sub¬ 
stations working in a large power system where large breaking MVA’s are 
involved. The S values for isolated stations with many lines are 
considerably lower, even if the stations are of large capacity. 
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With an isolated station with the same equipment parameters as in 
the above example, and with five outgoing lines (apart from the line 
on which a fault is being cleared) we would get the curve shown in 
Pig. 6 and an S of 0.38 kv/yusec when 4000 MVA is interrupted. 



Pig. 6. 


Thus it appears that the breaker operating conditions in an isolated 
station are much easier than in a large power system, and it is there¬ 
fore incorrect to determine restriking rate requirements for new circuit- 
breakers from results on an isolated station or its model. 


The author has carried out similar calculations for a 110 kV breaker. 
It was assumed that at full MVA four 30 km lines remained connecting the 
station busbars to the large power system. The reactance of the 110 kV 
system was not assumed as zero, as in the 220 kV system example, since 
the line reactances are considerably lower in this case. The referred 
reactance of the 110 kV system was taken as 2.01 ohms, which corresponds 
to a short-circuit MVA of 6000. 


No calculations were made for the conditions of Pig. 3 for the 110 kV 
system since at this voltage such a circuit would in practice only be 
used with relatively small transformers. 

The results for the 110 and 220 kV systems are given in the Table 1 
below. 
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Table 1. 


Rates of rise of restriking voltage in 110 and 220 kV systems 


1 

1 

i 

1 

110 kV system 


220 kV system 

Circuit! 

diagram 

MVA interr¬ 
upted 

1 

! 

Rate of 
rise of 

restri¬ 

king 

voltage, 

kV/fjsec 

(S) 

1 

Frequ¬ 

ency, 

kc/s 

MVA interr¬ 
upted 

Rate of 
rise of 

restri¬ 

king 

voltage, 

kV//isec 

Frequency, 

kc/s 

Pig. 1 

2140 

8.65 

16.4v 

2140 

9.9 

9.6 

Pig. 3 

— 

— 

— 

3640 

6.72 

7.65 

Pig. 4 

6000 

1.69 

2.73 

10,000 

2.05 

1.65 


s X 10^ 

f = - kc/s 

4U 

where S = rate of rise of restriking voltage, kV//isec 
U = amplitude of the 50 c/s recovery voltage, kV. 

Since the calculations involve a number of assumptions and simplifi¬ 
cations they cannot, of course, be expected to be very accurate. Never¬ 
theless, the results can form a basis for selecting restriking voltage 
requirements for large circuit-breakers of the 110 - 220 kV class. 

The present practice of standardizing restriking voltage frequency at 
100 and 50 per cent of the ultimate breaking capacity of the circuit 
breaker should be regarded as unsuitable. Since the restriking voltage 
parameters depend not on the circuit-breaker but on the power system, 
they should be chosen in relation to the absolute magnitude of the 
short-circuit MVA, irrespective of the circuit breaker capacity. Each 
h.v. circuit breaker intended for operation in a large power system, 
irrespective of its nominal breaking capacity, should be type-tested at 
2000 - 2500 MVA under the conditions represented in Pig, 1, since these 

very conditions produce the highest S values, as well as at its nominal 
breaking MVA. 
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Since the foregoing concerns only breakers without contact shunts, 
let us now examine the effect of shunting. In transmission line circuits^ 
(e.g.Pig.4), the circuit breaker contacts are shunted by the characteristic 
line impedances. Therefore for a shunt to control the restriklng voltage 
its impedance should be comparable with the effective characteristic 
line impedance. This means that the shunt resistance should not exceed 
a few hundred ohms (or sometimes maybe only a few tens of ohms). A 
subsidiary switch or arc-auenched Interrupter has then to be fitted into 
the main body of the circuit-breaker to interrupt the final shunt current. 


In Fig. 1 the shunt resistance should also be comparable with the 
characteristic impedance of the circuit. Assuming that the restriklng 
voltage frequency is to be reduced (by using an ohmic shunt) by at least 

25 per cent, we get 


whence 
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In particular, with the transformer parameters assumed for Pig. 1 
r L becomes 1300 and 2900 0 for the 110 and 220 kV circuit-breakers 

sh 

respectively. 


If the circuit-breaker in Pig.1 has a non-linear shunt having the 
characteristic u = following equations apply. 


di 

^di + ^ 



du fu't 
^ - ^dt + \kj 


After differentiating and rearranging, we get an equation which is 
not integrable in the general form, viz. 

d^u U_ 

dt^ ~ LC‘Cak<=^~^ 


Taking a numerical example (transformer 110 kV, 180 MVA, non-linear 
shunt with fe = 8 x 10*^ and a = 0.25), we get the curve shown in Pig. 7 
by numerical Integration and iteration. This figure also shows the 
undamped curve (2) obtained with the same transformer parameters for 
comparison. In the example the shunt characteristic was so chosen that 
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the shunt should also be of acceptable size and have a final current 
which could be interrupted by a simple break in air. It can be seen 
from Pig. 7 that the shunt does not lower S, but only decreases the 
amplitude and accelerates damping. 



Pig. 7 

Thus, shunting the contacts of a h,v. circuit-breaker operating in a 
large power system can reduce S only if the shunt resistance is sufficiently 
low. In this case, however, an arc-quenching device is necessary to 
interrupt the final current, which considerably complicates the design and 
increases the cost of the circuit-breaker. 

Therefore the breaker design in practice should be one which can cope 
with high S values without resort to contact shunting; light shunting 
may be used for voltage grading across the gap. The gap should possess 
a high rate of dielectric strength recovery. It is probably that on 
interrupting transformer magnetising currents such a breaker would set 
up high surge voltages. 

The surge voltages can be reduced to a permissible level by using a 
light non-linear shunt having an acceptable size and a small final 
current which is easy to inetrrupt. However, in all probability, a 
more suitable solution would be to install valve type surge diverters 
directly on the transformers (and not on the station busbars). 

CONCLUSION 

As power systems expand and capacities of generators and transformers 
increase, the rates of rise of restriking voltage are bound to go up. 
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New designs for large h.v. circuit-breakers should be based on high 
rates of rise of restriking voltage. The calculations presented in the 
present communication may be used to derive standards for the rates of 
rise of restriking voltage used in circuit-breaker tests. 


REFERENCES 

1. P. Hammarlund; Restriking Voltage across the Contacts of a Circuit 
Breaker. Gosenergoizdat (1956). 

2. Johansen; CIGJffi Paper no.104, (1952). 

3. G.V. Butkevich; Some problems in the design of modern circuit-breakers. 
Elektrichestvo No.2 (1955). 

4. Johnson, Schulz and Skeats; Trans. Amer. Inst. Elect. Engrs . Ill, 

1339 (1953). 



SELECTION OF ANTIHUNT TRANSFORMERS 
FOR AMPLIDYNE ELECTRIC DRIVES* 

S.S. ROIZENt 


Tiazhproaielektroproekt 


Motor + generator electric drives using amplidynes employ antihunt 
transformers to secure stability and the required transient character¬ 
istics. The transient duration and hence the system quality are 
determined to a large extent by correct transformer parameter choice 
in the design stage and correct setting when commissioning the drive. 


The solution might appear to be simply to provide the design and 
erection engineers with the catalogue data, but experience has shown 
that calculations based on catalogue data for the machines and anti¬ 
hunt transformers give results which do not agree with tests. 

The calculated overall maximum gains are usually much higher than 
the actual ones. For example, the calculated overall gain (if) for a - 
20 kW system with an EMU-12 A amplidyne and TS--72/60 transformer, was 
65, but instability actually sets in at if = 20. Allowing for the self 
and mutual inductances of the amplidyne control windings and the trans¬ 
former leakage reactance does not produce any considerable difference 
in the result. 

When the system is RC stabilized, the calculated and experimental 
results are in good agreement. Hence the errors in the transformer 
calculation are not due to the method but to the transformer data used. 

Consider an antihunt circuit including an amplidyne (Pig.1). The 
following equations can be set up for this circuit: 

* Elektrichestvo 4. 57-59, 1957 (Reprint Order No. EL6) 

^ Candidate in Technical Sciences, Tiazhpromelektroproekt 
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Pig. 1. Circuit diagram of the amplidyne—antihunt transformer unit. 
A = amplidyne, AT = antihunt transformer. 




aj> 


t't't 


(3) 


where </> is the magnetic flux in the transformer core. The transformer 
core is*usually assumed unsaturated; is also assumed constant. We 
make the following substitutions: 


U 


m 


V 


^. 
f 


It 


a 




It 


21 


2t t 
r + r 

^ 2t ^ 2 


It ^ 2t ^ i 


m 


^2t ,^2,^lt 


If 2 5 


R 


^2t + ^2 


Solving eQuations (1) ■“ (3) simultaneously, we obtain the antihunt 
transformer operator 


KJp) 


^JP) 




(4) 


The variable feedback amplidyne operator is given by 


K(P) 


Kjp) 


^a(p) ^ _ 

FJp) 1 + K(p)’^s(P> 


(5) 


where 


^a(P) 


K 


a 


T^p + 1 
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is the amplidyne operator which acts as a simple inertial link, if we 
assume only one time constant for the cross-field circuit 


T is the cross-field circuit time-constant, 
a 




the amplidyne transfer coefficient, 


is the resultant m, m.f. of the amplidyne 


Substituting the expressions forand K^(p) into (5) we get 


K(P) 


+1) 


(TaP + 1)(T,P + 1) + /f//. 


( 6 ) 


The characteristic vector of the amplidyne plus antihunt transformer 
can be obtained by replacing p by j a> and introducing the amplidyne 


feedback winding parameters; 




= 

- 

'-fb^fb 

= ^ 


% 

^fb^fb 

mi 1 m 


Some simple transformations and the substitution 



a 


' S * CSS 


gave us the characteristic vector of the amplidyne-antihunt transformer 
unit, viz. 


0^) 




(7) 


If T is neglected the expression becomes much simpler. Then 


(TJ^ + 1 ) 

(joi) = fk Lji - 1 

“ Tj^jco + 1 


( 8 ) 


The vector can also be obtained from Morozov’s method of following 
for the self and mutual inductances of the amplidyne control windings. 
It then takes the form: 
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K K.,(T jcD + 1) 

H' (jco) = -- i - 

“ jfT’ioJ - aco^) + a - fc;2) 


(9) 


where 


rpr 


T+T+T, +T^ + KKT =T.+T,4.T; 


^ = TTT\+TJ^J' 

sal a It 2^ 

b = r.fT, + T, + r,) t T.T, + T.,r,; 

T and T are the time constants of the corresponding amplidyne windings. 

X 2 

Usually 

(T, + r,; « r, + if//. 


and therefore 


n 




When deciding which of these three expressions should be used in 


practice it should be remembered that medium and large power amplidyne 
industrial units the amplidyne pass band has a cut-off at co = 8 - 10 sec 


This explains why the short amplidyne time constants have little effect 
on the transients, since normally » aco^ and 1 » bcD^ when 
CO = 8 - 10 sec“^. 


Pig. 2 shows the log frequency characteristics plotted from tests 
made on a 20.5 kW unit using an EMU-12A amplidyne. and TS-72/60 anti¬ 
hunt transformer. The transformer settings were chosen to give 30 per 
cent over-shoot and fast damping. Pig. 2 shows that the cut-off 
frequency is 6 sec'*^. The maximum frequency is even smaller with 
larger units where the generator field winding time constants (T^) are 
greater than 0.5 sec. 

Only when T and the electromechanical time constant of the motor 
(T ) are smallir (T < 0.5 sec. < 0.05 sec), does the cut-off 
frequency increase to 10 sec these values are not typica o 
large industrial units and will not be considered. 
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Pig. 2. Frequency characteristics of the motor-generator plus amplidyne system. 

1 - Allowing for the armature time constant, T^; 

2 - Without allowance for T . 

r 

Frequency characteristics have been recorded on various combinations 
of three types of amplidyne with two types of transformer to prove that 
small time constants have practically no effect on transient response 
when the cut-off frequency is not more than 8-10 sec“^. Pig. 3 shows 
the characteristics obtained with an EMU-12A amplidyne and TA-72/60 
transformer. These curves (and also (7) and (9)) show that the tran¬ 
sient performance of a system with co <8-10 sec“*^ is completely 
defined as T^, and K^, and that the characteristic vector is given 
by (10). 

and can be easily determined from the asymptotic characteris¬ 
tics via the conjugate frequencies co^ and co^: 



Tj^ and thus obtained are equivalent values if the transformer 
saturation is taken into account. The most accurate predictions of 
transient performance calculations are therefore to be expected when * 
the and values used have been determined in the operating voltage 
range of the unit. 







Selection of antihunt transformers for amplidyne electric drives 


79 


Lico) 0((o) 



Pig.3. Log frequency characteristics of an EMU-12A amplidyne 
plus antihunt transformer (T^ = 0.17 sec, = 1.2 sec). 


and calculated from name-plate data, differ considerably from 
test values^. The data for the EMU--12A plus TS-72/60 may serve as an 
example. The circuit parameters for Pig. 1 are: VI^ Yi^ zz 900, 

“ Tg = 145 Q; m = 1. 


The name-plate data for the TS—72/60 are VI = 4800; ^n ^ 


= 95 H; Vi^^ = 1100; = 10.3 Q; L 


2t 


5 H. 


These give: 


It 


It 


It 


95 

232 


0.41 sec; 


'2t 


2t 


^2t + ^2 


10.3 + 145 


0.03 sec; 


T = 

5 


K 


It ^ 2 t 

w .w T . 

2t 2 It 

^ R T 

It 2 s 


= 0.44 sec; 


m 


1 . 1 *, 


K T 

S S 


1.21 X 0.44 


0.52 


The experimental of the ErviU-12A (for the m. m. f.) is 5 V/A for 
armature voltages within the range 30 - 70 V. 
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But experiments on an EMU-“12A plus TS-72/60 gave = 0.17 sec and 
= 1.2 sec. The frequency characteristics were taken with minimum 
transformer air gap using the windings fully without additional resis¬ 
tances. The amplidyne armature voltage varied from 30 to 70 V at low 
frequencies and the transformer’s primary current did not exceed 0.3 A. 


Thus the name-plate data gave transformer time-constants 2.7 times 
larger than did experiment. The calculated results with other types 
of ampHdyne and transformer were also considerably different from 
experiment. 


Better results are obtained when frequency test data are used in the 
calculations. Pig, 3 shows the experimental characteristics for a 
T&-72/60. The shape of the amplitude characteristic confirms that the 
transformer operator is actually 



(P) T^P + 1 


The intersection point on the asym ptote gives the conjugate frequency 
for the component (co) = 20 log + 1) from which can be 

determined and the amplitude at 10 - 15 sec“^ gives K^. 

When measuring antihunt transformer frequency characteristics it is 
important to vary the primary voltage over the operating range encountered 
in circuit with the amplidyne unit. The test then give some effective 
values of T and K' which take into account the transformer core 

S S ji .e 

saturation. Pig. 3 was obtained by using a primary voltage composed of 
50 V d.c. and 20 V a.c. The a. c. frequency varied from 0.1-2 c/s 
(CO = 0.68 - 13.6 sec""^). The transformer core had no gap, the windings 
were used fully and additional resistances were not used. 

The data of Pig.4 gave T =0.2 sec; Kl = 0.2. Then calculation 
gave 


= 1.15; Tj^ = 1.45 sec. 

These values of and are much closer to the experimental ones. 

When and have been determined it is possible to determine the 
transient performance rapidly with an accuracy sufficient for practical 
purposes, and hence to check the suitability of the transformer. 
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Pig. 4. Log frequency characteristics of T&-72/60 antihunt transformer. 

As an example we may consider a 20.5 kW unit with an EMU-12A and a 
TS-72/60. T =0.1 sec; T =0.5 sec, the armature time-constant T 
is 0.075 sec. K is 23 with 30 - 180 V on the generator; = 0.17 sec 
and = 1.2 sec. 

The characteristic vector of the entire open loop system is equal to 
the product of those for the amplidyne-transformer and generator-motor 

units: 


W(jcjS) 


Kajco + 1 ) 


{TJco + 1) {T^jco + 1) [TJco + (1 - 


The log frequency characteristics are:- 


Amplitude 


L{co) = 20 log K + 20 logi/T/a>2 + 1 


•20 


log/T/o)^ + 1 - 20 log /T V + 1) 


g 


2n2 


20 log/^a)2 + (1 - TJ^) 


( 11 ) 


Phase 


0(aj) 


tan 

s 


tan 


t&rT^Tco - tan 

e 


Tco 

IJt 


1 - 


T To)^ 

m r 


( 12 ) 
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Pig. 2 shows these characteristics plotted from the above data. The 
experimental characteristics are also shown. Pig.2 shows that neglect 
of the armature circuit time constant leads to considerable error in 
the transient performance because of phase errors. 

Tests on several drive units showed that a phase margin of 30° gives 
entirely satisfactory transient performance. 



A STATISTICAL ASSESSMENT OF THE STABILITY OF 
INDUCTION MOTOR CHARACTERISTICS* 

I.P, ISAEV 

Moscow Rail Transport Engineering Institute 
(Received i4 August 1956J 

The problem and essentials of the method 

In a number of induction motor applications the stabilities of character¬ 
istics dependent on manufacturing tolerances in the parameters have to be 
assessed. 

The actual parameters of identical motors always differ slightly from 
nominal so the characteristics will also differ from nominal. This shows 
why motors working in parallel on a single power drive are unequally 
loaded. Hence follows the practical interest of estimates of divergences 
in characteristics due to motor parameter differences. 

In essence the parameters which determine the motor characteristics 
are assumed to follow a normal random distribution law, with mathematical 
expectations and standard deviations for the parameters. 
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Statistical analysis of motor tests shows this to be so* By way of 
example, Table 1 gives the values, and Pig.1 the distribution curves, 

TABLE 1 


Motor parameters 

1 

Theoretical nom¬ 
inal values 

Arithmetic means 
from type tests 

Standard deviation, 
referred to mean 
value, % 

Resistance of stator; 
winding (Q) 

1.385 

1 

1 

1.365 

2..6 

Rotor resistance 
(assumed) (Q) 

1.440 

1.448 

10.2 

Slip, % 

1.67 

1.41 

10.1 

Torque, kg-m 

96.0 

95.5 

7.0 


for the stator resistance, rotor resistance (referred), slip and torque 
of KAMO-133-2 induction motors, as obtained in type tests at the Vladimir 
II*ich Works. 


Since the graphs are actually normal distribution curves, we may assume 
that the very general conditions of Lyapunov* s theorem for independent 
variables, or of Bernstein's theorem for weakly dependent variables, are 
satisfied. According to this some function X of the independent vari¬ 
ables X, V, z, with mathematical expectations x, v, ,,, z, and 
corresponding small deviations k, I, ... q, may be represented accurate 
to the second order of small quantities, as follows 


where 




z) ± tor 



t being a certain number. 


( 1 ) 


( 2 ) 


Considering X(x, v, ... zj in (1) as the mathematical expectation of the 
nominal motor characteristic, we may from equation (2) determine the stan¬ 
dard deviation of this characteristic as a function of the deviations in 
the parameters. 
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Prom Lyapunov’s theorem it is possible to state that, with a probab¬ 
ility ~ I - Qf parameters will in practice remain within the 
bounds X ± tcr^ , 


Stability of characteristics in an induction motor 

We will first of all determine the effect of manufacturing tolerances 
in the resistances on the torque deviations at a given slip. 

The torque at the nominal parameter values is 


mpUl(r^/s) 


9,Sla)[(sr ^ + ar')^ + (x, + axh^s^] ^ 


[k^ - m] 


(3) 


The voltage is assumed to be constant at the nominal value and the 
voltage system to be symmetrical. 

Since the parameters are statistically distributed we will assume: 





ter 


r2* 


*1 ± 




The bars denote the nominal resistances and reactances, respectively, 
a being the standard deviation; t is a certain number. 

The incremental torque due to small resistance and reactance Increments, 
accurate to quantities of the second order, is 


■ajM , aM 

- drl + T— dr + -—: dx + 

Br' ^ ar^^ ^ a*' ^ ax'^ 


dx ^ 
2 


and according to equation (2) the deviation of the motor torque is given 
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Determining the partial differential coefficients from equation (3) 
and substituting into them the mathematical expectations for the motor 
parameters, we find that 


cr^ = 
m 


[(r^s + ar^V + + ax^s^] 


2 ^ \2 


X 1 


2ar^ 003^0 


r^$ + ar' 
1 2 


cr^ + 4r 
r2 ^ 2 


/2 


COS^0 


(r^s + arp 


- Or‘ 4. 

r\2 rl ^ 




sin^0 


(x^ + ax^) 


i (^*1 + 


I 


(4) 


where 


COS^ (f) = 


_ + ar')^ _ 

(r^s + arp^ + (x^ + dx')^ 


nplfis 
c = -L— 

9.81 CO 


In practical calculations it is sometimes more convenient to use a per 
unit basis, relating to operation under the nominal conditions. Using 
the notation a^/m = (and analogous notations for the partial stan¬ 
dard deviations of the other parameters), and dividing the right-hand 
side of equation (4) by the square of the nominal torque, we get: 




2ar' cos^^Y 


r^s + ar^ 



2 

r20 


+ 4rp 


(r^ -h ar^)^ + 


sin*^c;6 


(x, + 






a 


xxo 


+ X 


t2 




X20 


(5) 


This relative standard deviation formula for the torque enables us to 

estimate the effect of changes in the stator and rotor resistances and 
reactances. 
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It is clear from equations (4) and (5) that the torque deviation is a 
variable quantity which depends on the operating conditions to which the 
deviation is referred. 


When the slip is small, i.e. on the_stable part of the motor charac¬ 
teristic, we may assume % 0 and sin'^4> 0. Consequently, the torque 
deviations will be defined by the following equation: 



2ar'^ 
2 


r^s + ar^ 


=— COS^ 4) or 
r ^ r2 


(5a) 



As an example, Pig.2 shows the graph (based on (5a)), for the variation 

in the standard deviation of the torque of KAMO-133-2 motors with slip, 

where r =1.77 ohm; r = 1.565 0; a = 1.03 and = 0.075. 

1 ^ 

Equation (5a) shows that at small slip the torque deviations are deter¬ 
mined, other things remaining equal, by the rotor resistance tolerances. 
Stability of rotor resistance within reasonable limits is therefore above 
!n eire eLential if the desired stability is to be obtained. 


As methods of stabilising the short-circuit rotor resistances in large 
induction motors we may recommend the following: (a) selective checking 
of the rotor bar blank sizes; (b) selective checking of bar naterial 
resistivity and (c) use of electric contact welding on the bars instead 
of autogenous welding, since the latter is liable to leave porosi les or 
cavities at the seams which render the phase resistances unequal. 

Equations (4) and (5) show that the torque deviations on starting 
(s = 1) are primarily affected by the tolerances in stator resistance 
and reactance. In this case the rotor resistance tolerance is of less 

importance. 

The effect of tolerances in any particular type of motor at a given 
slip may be estimated from equations (4) and (5) for the appropria 
mathematically expected parameters. 
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In general, the standard deviations in the parameters of the various 
phases may differ. The symmetrical components method, supplemented by 
statistical considerations, may be used to study the deviations in the 
characteristics of such an '‘asymmetric’* motor. 

However, let us consider the simpler case in which the standard 
deviations of the phase resistances are assumed to be equal. 

Knowing the standard deviations of the parameters, we can determine 
the standard deviation in the torque. With nominal parameters the maxi¬ 
mum torque is given by equation (6), viz. 

M zz - - . (5 

^1 +Jrl + + ax^)^ 

where 



mpU^ 

2a*9.81-2 77/ 


The increment in the maximum torque due to increments in the resistances 
and reactances is 


dM 


m 


dr + dx^ + _ ±dx^ 


and the standard deviation of the maximum torque is 


cr, 


M 


m 


~ 1 Cr^ 4. 

'dr. ) \dx 




« ^ —2 , I - \ ^2 


/'dM 


^ . 


(T* 




X 


X2 


where a-^^, and are the standard deviations of the corresponding 
parameters. 

Determining the partial differential coefficients from equation (6) and 
substituting into them the mathematical expectations for the parameters, we 
get from equation (2) the standard deviation in the maximum torque, viz. 


cr 


Mm 


K 

tit 
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1 + 


+ ax') 2] 


f 


^ . 4- 
n ^ 


+ ^ _ (a^ + .V ) 

[t; + (5. + S!)'] *1 “ 


Analogously, we may also find the standard deviation'in the slip 
corresponding to this maximum torque. For this purpose we use the 
expression which defines the critical slip, viz.. 


(7) 


ar 


+ (x^ + 


( 8 ) 


from which we get 


cr 


2 - 
SC 



Detormining the partia.1 differential coefficients from eQuation (8) 
and using the mathematical expectations applying to their parameters, 
we get 


sc 


c 


r2 


/2 




[r? 




(^1 + 


ax 




X [r?cr!. + (x^ + ax')2(cr2^ + 


1 n 


'i 


(9) 


This gives the standard deviation in the slip corresponding o e 
maximum torque. Comparison with equations (7) and (9) shows that the effec 
of deviations from nominal in the winding inductances on the critical slip 
deviation may be neglected in the practice, and that we may consider 

as independent of cr and ® 

inductances from nominal has a considerable effect on the deviation of 

the maximum torque. 

A lucid representation of the effect of tolerances on the 
characteristic stability is obtained if the origin of a system of « _ ' 
gonal co-ordinates (s,m is made to coincide 

torque, and the deviations tcr^ and are laid off ® - 

(Fig.3). The locus of possible standard deviations in e 
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torque will then in general be represented by the ellipse 



The locus of the limiting deviations in the maximum torque will also be 
an ellipse in this system of co-ordinates, being 



obtainable from the previous ellipse by a t-fold increase in the semi-axes. 


Parallel operation of induction motors 

The deviations in the maximum torque and in the corresponding slip due 
to deviations in the parameters are responsible for variations in the 
motor characteristics. 

Motors with differing characteristics operating in parallel in the 
same electrically-driven system will have the load non-uniformly distri¬ 
buted between them, which is usually undesirable. 

To assess the effect of deviations in the motor parameters on the non- 
uniformity of load distribution for operation in the range 0 s s 
we use the equation for the mechanical characteristic, viz., ^ 
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M = M. 


2(1 + e) 


“ s/s, + s/s, + 2 e 
c c 


( 10 ) 


We found above that s^ is a function of the parameters and of the 
tolerances, given in general as s^ = ± and that ± 

To render the results more general, we will assume that under load the 
motors show a cr not dependent on manufacturing tolerances and determined 
S =ondiuons. In this case the torea. lncre.eat tor 

small increments m s, and M^, is determined by 


BjW , BiM , 3JW 

dM = —— ds + -— c -i II ^ 
Bs Bs, ‘ oM. 


m 


m 


and, according to equation (2), or^ becomes 




Af 


(j 


M 


cr^ 4 - 


+ 

sc 


'bM 




cr 


Mm 




Differentiating (10), we find that cr^ under these conditions is 


cr\ 


M 


2M (1 + e) 

m 


(s^ + + 2 £ s s^)^ 


2 /«2 


(s 


^2)2 cr2 ^ 

c' sc 




s"s^(s^ + si +2ess^) 

*2 Mm c c 


M 


m 


s^) cr^ + 

' s 


+ 


S^s2(s - s^) 

(1 + e)^ 


:r 


a* 


sc 


( 11 ) 


or, in relative units. 


a 


Mo 


+ 


(s^ + + 2 e s s^) 


2 I 




(s 


^2^2 - -C— 

^ (1 + e)^ 


($^ 4- s 


2s s^) 


sc 


( 12 ) 
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Let us assume that the motors are ^"ideally^^ produced* i.e. that their 
parameters are exactly the nominal ones. In this case we have to put 
^sc “ ^ equation (12)* derived from equations (7) and (9). 


Hence* 


a 


mO 


+ 2 € s s 


cr 


5 0 


(13) 


Consequently, the load divergence will be determined by the slip 
divergence which, in turn, is determined by the conditions of operation. 
Conversely, if such a divergence is impossible, i.e. a = 0, and the 
motors are produced with due tolerances, the differences in the loadings 
will be completely determined by the deviations in their parameters, viz. 



cr 


Mno 


+ 


(s^ + sx + 


2€ s s) 
c 






(14) 


Therefore equations (11) and (12) enable us to solve two practical problems, 
viz. either by assuming the tolerances as given, to determine the permis¬ 
sible slip divergence from the permissible torque divergence or, conversely, 
to assume the slip as given and to determine the permissible standard 
deviations in the parameters from the permissible torque divergence. 

By way of example, we shall solve the first of these problems for the 
induction-type traction motors used in individual-drive a.c. locomotives. 

We will define the wheel-pair rim tolerances so that the induction motors 
in the electric locomotive one-hour rated have the same torque divergence 
as the DPE-400A d.c. motors used in VL-22® electric locomotive under the 
regulations in force (a divergence in the wheel rims of 15 mm produces a 
divergence of about ±4 per cent in the DPE-400A loadings when the motors 
are connected in parallel). 


This problem has become very important nowadays since various a.c. locomotives 
are being developed. We use equation (11) in which we assume that 
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The standard deviation in the wheel diameters, as related to the para 
meters of induction-type traction motors and the locomotive operating 
conditions, is given in the following general form 

jM<s^ + + 2 € s 

2M 7 (12 _ s^) 

m c' c ^ 


Table 2 gives the diameter differences given by this equation, for 
thrL types of electric locomotive with induction-type traction motors, 
viz. OT. OD-1. and OD-II. designed by the NEVZ-Works Budennii . 



Equation (14) shows that the load divergence is a variable 

dependent on the operating conditions. Let us determine ro ( ) 

at which the load difference in parallel operation is a maximum. 


The condition to be satisfied is that 



3s 


Hence the roots of 







(1 €)^(S^ - S^)^S^ + S^(S 

” (s^ + s^ + 2 e s s 


2 

^. CT^ 

SC 


0 


must be determined. 
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Carrying out the differentiation and assuming that the terms contain¬ 
ing € will involve higher powers of 5 than the others, we get approximately 
(subject to the conditions = 0): 

- 2ss^ + = 0 

c c 

whence under operating conditions the maximum value is = 0.412 s’ , 
i.e, the maximum torque divergence of parallel motors allowing for 
manufacturing tolerances in their parameters, occurs at about 40 per cent 
of the critical slip. 

When we know s^, we can determine o-^ if we substitute s = s' = 0.412 s 
into equations (14). ^ 


% 

k^m 

8 

4 


0 


Pig.4 shows by way of example the relative and absolute standard 

deviations in the torques of type KAMO-133-2 motors, determined from the 
following data: 



Pig. 4. 


1.77 Q, ~ 1.565 Q; s^ — 0.075; — 0.02; cr 


5c0 


0 . 10 , 


The above statistical study of the stability in induction motor 
characteristics enables one to assess the effects of tolerances in various 
motor parameters scientifically, and to attempt to standardize the toler¬ 
ances on the basis of the detailed operating conditions and special duties 
involved. 


The statistical method explained above is of general application and may be 
extended to any other type of motor. 
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TIE PROBLEM OF IMPULSE TESTS OF THE 
TURN INSULATION OF AN H.V. MACHINE* 

B.A. ALEKSEEV and V.B. KULAKOLSKII 


There is so far no practical method of calculating the impulsive 
voltages in the windings of electric machines, viz. on the sections and 
turns in any special part of the winding. Theoretical studies in this 
field have not yet reached a stage where calculations can be based on 
them [l]. Experimental investigations give a good idea of the maximum 
pulse voltages on the first turns of the winding [ 2 ], but they do not 
give adequate data on the voltages across the remaining turns. But a 
knowledge of the pulse voltages on turns in the centre of the winding, 
though not necessary for surge protection purposes, is indispensable for 
turn insulation test purposes. 

In recent years two basic methods have been used for testing the 
turn insulation of assembled windings, viz. travelling-wave tests 
effected by applying impulses to the ends of the winding [ 3 ] and tests 
based on induced pulse voltages; the latter are carried out by inducing 
these voltages successively in each pair of winding sections, using a 
special impulse inductor [4,5]. 

Basically the travelling-wave test is more convenient, particularly 
when applied to large slow-running machines, because neither withdrawal 
of the rotor nor successive testing of all sections of the winding is 
required. On the other hand, this kind of test is usefully applied 
only when the turn-voltage pulses in any part of the winding are 
sufficiently high to test the winding insulation effectively and are 
obtainable with a pulse amplitude not exceeding the permissible test 
voltages on the frame insulation. For this reason the turn-voltage 
distribution over the winding affects the choice of turn insulation 
test method greatly. 

The way various factors influence the turn-voltages in the windings 
of electric machines must, therefore, also be studied. Pulse tests on 

• fleifetricfcestt-o N 0 . 4 . 75-79 (1957). [Reprint Order No. EL.s] 
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of turn insulation of an h*v* machine 
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Impulse tests 


machines of various powers and voltage ratings were, therefore, carried 
Zr the most typical results are tabulated below. 


Set-Up and test method 

The data were measured on the machines with a specially 
„„n.blf«t-up 10 - 1. consisting of a pnlso oscillograph .ith huilt-i. 

surge generator. 

Tho generator provides pulses of ..plltude up to 350 V, 
fronts Ld relatively flat tails at a ■■•Prtl«»i'-«“encj of 50 c/s tto 
fa™ is applied to one end of the .Indlng, the other end being earthed. 

The time reauired for the wave to travel along the winding was 
determined by measuring .the voltage at the open end. ° ^ 

voltage oscillations from the time marks was assumed to be 
Iii!s the travelling time. The characteristic impedance was assumed to 
eZl the resistance connected to the end of the winding, across which 
S” a,plltnds of ths voltage .as half the voltage at the open end. 


Minimum impulse voltages on sections 

The general pulse voltage distribution on the windings of medium- 
power motors was investigated in the Central Electrical Research 

K 4 - ragan 1 Q>;n 1 Q'i2‘ thcsc InvcstIgatlons have been reported 
Uboratory between 1950-1952, unese mveo s «pptir.ns of 

[2.6]. in 1954-1955 the voltages set up on the wind^ g 

larger electrical machines were determined: these windings diffe 

considerably from motor windings in size of 

sections, etc. The voltage across a sec ion is electrical length 

factors, viz. the steepness of the wave front and 

of the section. As the wave penetrates into the winding, the steepness 
of the front is reduced and so the section 

and Pig.l illustrate the relationship between the minimum section 
voltage and the number of winding sections for several electri 

machines. 

The second factor which influences the minimum section voltages 
confL'wy id the eluctrlcal length of the section, as fs seen f„ the 

table. 

Therefore, we may assume that for basket (double-layer) wound ^ 
mchines. the section voltages depend, to a first approximation on the 
number of sections per phase or parallel branch, an on 
length in the sections. 
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Pig.1 Relationship between minimum voltage on section and 

number of sections. 

Electric length of section 0.21 — 0.25 sec; length 

of wave front 0,6 /x sec, 

» 

The number of turns in the section, length of active steel, etc., 
do not influence the section voltages directly. But the number of 
turns in the section is the basic factor determining the turn 

voltages. 

4 

As is well known [2,6,7], pulse voltages are uniformly distributed 
over the turns of a section. Consequently, the turn voltages are 
inversely proportional to the number of turns (other things being 

equal). 


Effect of the type of winding 

The section voltage distribution in a real machine winding when a 
pulse is applied differs considerably from that in a circuit consist¬ 
ing of identical LC and attenuating elements. The section voltage 
distribution curve along the winding is not smooth but stepwise, the 
shape being dependent on the winding circuit and on the spatial 
disposition of the winding sections. 

Inductive coupling between the parts of the winding is the main 
operative factor. 

Tests on a model of part of a medium-power motor stator with inserted 
winding sections have shown that the sections, and hence the groups, 
mostly influence one another electromagnetically. 
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Tf the section ends are screened electrostatically during the tests, 
the” are practically enaltered. Sectlone .ith aides 

in the same slot and parallel sections placed in a row interact most 
strongly. The magnetic couplings are responsible for the way in which 
the sLtion couplings strongly influence the section voltage distributions. 
A group of sections round one pole pair has several strongly coupled 
parallel sections in a row. In impulse winding tests the section 
voltages appear related in amplitude because the group sections are 

strongly coupled. 


Groups belonging to the various parallel branches of one phase 
influence one another. Several parallel branches connected to one 
phase show a certain rise in section voltages relative to a single 
branch. This is due to the increased number of grouped sections or, 
which is equivalent, to the stronger magnetic coupling. 


When a pulse is applied to two phases, the phases influence one 
another. This is of great importance because when the turn insulation 
is tested in a bridge circuit, the pulse is usually applied to the 
two phases compared. The different current directions in the different 
phase sections lying close together produces demagnetization while 
reinforcement takes place when the parallel branches on one phase are 

used. 

Modern machine winding circuits with shortened pitch use different 
phase sections placed in one slot. Such sections, and also the series 
and parallel sections of another phase determine the minima of t e 
winding distribution curve. These minima are particularly marked when 
the ordinal numbers of the sections of the different phases in series 
are near together. The demagnetization is then caused by current pulses 
of similar form and amplitude because the windings shape the pu ses 

to the same degree [s]. 


Pig. 2 shows section voltages measured on one phase of a motor when 
the impulse is applied to one and to two phases. The marked minima 
correspond to sections placed in the same slot when the second phase 
sections are in circuit. Pig.2 shows that with two differen p ase 
pairs (1-2 and 1-3) the section voltage minima correspond to 
different phase sections, this being the object of the winding desig . 


It is possible to avoid section omission due to gaps in the section 
voltage distribution curve by testing all three phase combinations 
(1-2 1-3 and 2-3) successively. In this case, the winding sections 

(e.g! of phase 2). which are only weakly tested with one phase pair 
(1-2), will be tested at the normal voltage when the second phase pair 

(1-3) is used. 
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Pig, 2 Section voltages in a 1st phase branch with different 

testing circuits. 

(a) Simultaneous test of 1st and 2nd phases; 

(b) Simultaneous test of 1st and 3rd phases; 

(c) Simultaneous test of 1st and 2nd phases connected 

in opposition. 

Pull lines: tests on 1st phase alone; 

Broken lines: simultaneous test of phases. 
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There is another method by which gaps in the section voltage curve 
can be avoided, viz, one phase is tested together with another connected 
in opposition. In this case the different phase conductors in one slot 
will reinforce and not demagnetize one another. 

The variation of minimum section voltage in a motor winding (6 kV, 

200 W, 375 r.p.m.) with the test circuit is illustrated by the 
following data: 

TABLE 1 


Test 

Minimum section 

voltage of phase 1 
(%) 

Phase 1 only 

6.5 

Phases 1 & 2 (equidirectional connexion) 

4 

Phases 1 8i 3 (equidirectional connexion) 

4 

Biases 1-2 & 1-3 (general result) 

7.5 

Phases 1 & 3 (connected in opposition) 

7.5 


The most informative tests are those using two phase pairs or phases 
connected in opposition. The minimum section voltage then exceeds that 
involved in testing a single phase. 


Turn insulation test voltages required 

Turn insulation tests are obviously of value only if the test 
voltages on the turns are sufficiently high to reveal insulation defects. 
The voltages adopted for works tests are usually 50 per cent of the 
minimum breakdown voltage for new insulation of that particular thick¬ 
ness and structure. 

There are no generally accepted recommendations for testing the 
insulation of machines in service. Hence tests were carried out on 
insulation with artificial defects, which showed that the breakdown 
voltage of faulty turn insulation was determined by that across the air 
gap between turns, and remained sufficiently high whatever the damage 
type. For example, the turn insulation breakdown voltages of single-layer 
micafolium sections after a fracture in two directions at right-angles 
did not fall below 900 V. 
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In other sections, with the turn insulation completely stripped 
while the conductor spacing had been maintained at the original insula¬ 
tion thickness, the flash-over voltage between turns remained higher 
than the works test voltages for section turn insulation on sections 
not in the same slot. Only when the inter-turn gaps are reduced to 
1/100 mm are the works test voltages sufficient to produce spark- 
over between turns. 

At atmospheric pressure the breakdown voltage of an air gap of 
practically any width is never less than about 350 V max [9], 
Extrapolation of an experimental curve of breakdown voltage vs. distance 
between two parallel 2.5 x 5.5 ram conductors gave about the same value. 
The curve was taken from 0.03 to 0.1 mm and extrapolated to zero. 

We have therefore to consider 350 V max as the lower limit of turn- 
insulation test voltages; tests at lower voltages can only detect 
complete short-circuits. 

Insulation defects between conductors at spacings up to 0.1 mm can 
be detected with test voltages of 350-1000 V max. So, tests at these 
voltages can only detect a fraction of the winding insulation defects 
occurring in the practice. When the inter-turn spacings are 0.01 mm 
(having breakdown voltages of the order of several hundred volts) the 
gaps may be closed by comparatively small forces. For example, the 
gap between the bare turns of a synchronous condenser section (6.6 kV, 
15,000 kVA, 7500 r.p.m.), which had been brought close together in 
winding (breakdown voltage at the power frequency 480 V) was closed by 
applying a force of 11.3 kg, despite the considerable cross-section of 
the turns (sixteen conductors each of 6 mm^ section). 

It is therefore always necessary to try to raise the test turn 
voltages to about those used in works tests, which are determined by the 
turn insulation design and thickness. Lower test voltages (but not below 
350 V max) are only justified when sufficiently high voltages cannot be 
produced by methods acceptable in practice. 


Ways of turn insulation testing in electric machines 

The tabulated data indicate that it is practically impossible to test 
the turn insulation of electric machines with travelling waves when the 
number of turns in the individual sections is great (nine to ten, or more) 
When the applied surge amplitude does not exceed the standard test 
voltage (i.e. 7 kV for machines rated 3 kV, 14kV for machines rated 6 kV, 
and 21 kV for machines rated 10 kV), the turn insulation in the centre of 
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the winding may receive only about 100-200 V, which is obviously 
insufficient. With these machines it is at present more expedient to 
test with induced impulsive voltage [4,5]. 

However, if the machines have few turns per section, travelling-wave 
tests are often possible. For example, with a synchronous condenser of 
6.6 kV, 15,000 kVA, 750 r.p.m. minimum turn impulse voltages of about 
750 V may obtain, with a hydrogenerator of 13.8 kV, 55,000 kW, 

62.5 r.p.m., about 550 V; in both cases the test voltage amplitude 
will not exceed the values permissible for frame-winding insulation tests 
under service conditions. 

When each phase is tested twice (in cyclic combination with each of 
the other two phases) the minimum turn voltages can be raised slightly, 
as shown above. 

Summarizing, machines for which annual rotor withdrawal is not 
stipulated (generators, synchronous condensers) and on which turn- 
insulation test induction is consequently difficult to carry out, it 
is often possible to test by travelling-wave methods, i.e. by applying 
impulses to the ends of the phases. 

The test turn voltages can be predicted by impulse tests during pro¬ 
duction or on rewinding. If results of such tests are not available, 
a decision on the advisability of using an impulse bridge-circuit for 
testing the turn insulation can be obtained by comparing the winding 
data with previously derived numerical values. Knowing the number 
of winding sections and the electric length of a section, the probable 
turn voltages may be predicted from the curve relating the section voltages 
to the number of sections (corrected for the electric length of a 
section) (Pig.1). 

The above correction is unnecessary since, with sections with 
compounded insulation and a total conductor length ^ 20 m, the electric 
length will usually be below 0.3 /x sec. 

Determination of the electric length of a section from the wave 
propagation data for windings given in ^‘Regulations on Surge Protection^’ 
may lead to incorrect results; experience shows that the true speeds 
may differ considerably from the average values given. 

For example, for a 55,000 kW, 13.8 kV hydroelectric generator, the 
velocity of propagation is given as about 15 m/yu sec, but in reality 
it approaches 75 m//i, sec; for a 5000 kVA, 6 kV synchronous condenser, 
it is supposed to be about 25 m/ji sec, but is in fact not more than 
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14 m//x sec. This is because the relationships on which the data are 
based are unrelated to the concrete features of each machine, viz. number 
of parallel branches, number of turns per slot, method of insulation, 
winding design, etc. 

A method of calculation which would give the basic impulse parameters 
of the windings and, particularly, the wave propagation velocity from 
the concrete winding and design data of any machine is much to be 
desired. 


Conclusions 

(1) The minimum inter-turn test voltages for a given test surge 
voltage depend above all on the number of turns in the section, on the 
number of sections in the branch or phase, on the total wire length in 
the section and on the surge wave propagation velocity in the winding. 

The relationship between the latter velocity and the design parameters 
has not yet been firmly established; in many cases the data in 
‘‘Regulations on Protection against Surges” will not be sufficiently 
close to the measured values. 

(2) The impulse voltage distribution over the winding sections 
depends strongly on the group sequence, which controls the strong 
electromagnetic coupling between winding sections. 

In bridge tests using two phases of the winding, the relative 
disposition of the tested branch or phase sections (particularly if 
the pitch is shortened) has a great influence, and the current 
directions in the tested phases, have a marked influence; the currents 
in the phases or branches must have opposite directions if its section 
voltages are to be raised. If this is impossible, all three phase 
combinations must be tested. 

(3) Turn insulation tests are of value only at turn voltages i 350 V 
max. The main point in choosing test methods and circuits is to ensure 
test turn voltages about equal to those used in works tests. 

(4) The preferred method for testing large electric machines, 
particularly hydroelectric generators with many slots, is to apply a 
surge voltage to the end of the winding (travelling-wave test), if 
this assures sufficiently high turn voltages. 
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(5) The inter-turn voltages expected in travelling-wave tests can be 
calculated approximately from the machine winding data. As a rule, the 
test voltages will be sufficiently high in machines with few (two to four) 
turns per section. 
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VOLTAGE GRADIENTS IN A LONG-SPARK LEADER CHANNEL*^ 

V.P. LARIONOV 

The Lenin All-Union Electrotechnical Institute 

(Received 11 June 1956) 

Komelkov [l] was the first to show that the leader structure is rather 
complex in a long-gap spark in air. An extensive ionized region occurs 
at the tip of the narrow leader channel. This region is composed of 
separate streamers, i.e. thin, long channels so numerous in the case of 
a positive discharge that the whole ionized region resembles a cascade 
of luminous filaments issuing from the tip of the leader. The electrons 
released at the fronts of the streamers rush along the streamer ducts 
into the leader channel, leaving positive ions in the ionized region. 

As the leader penetrates more deeply into the interelectrode space, new 
streamers appear as the old ones are extinguished, giving an immobile 
space charge envelope around the narrow leader channel. 

The narrow leader channel (the ‘‘core'’) in direct contact with the 
electrode provides a path along which electrons flow to the electrode 
in a positive discharge. The voltage gradient along the leader channel 
determines the ionization conditions at its tip and is therefore the 
most important parameter. However, this parameter has not yet been 
fully investigated. 

The mean longitudinal gradients were studied at the All-Union Institute 
of Electrical Engineering by producing an artificial step in the leader 
channel [2]. The current in the step was first assumed to produce a 
state of arc-conduction in the channel, the second assumption being that 
the leader tip potential is unaffected by this, i.e. that the abrupt 
drop in spark-gap voltage at the instant of producing the step determines 
the voltage across the channel. Thus, the mean gradients were determined as 
follows: 

( 1 ) 

where t/' is the abrupt drop in spark-gap voltage. 

is the leader length at the moment of producing the step 
is the voltage gradient in the arc channel. 

• Elektrichestvo No. 4, 80-81 (1957). [Reprint Order No. EL.o] 
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Pig.l Leader current and leader tip velocity. Spark gap ^‘rod-plane", 

100 cm long. Discharge circuit resistance 2.5 kfi.. 

While the first assumption is certainly correct, the second is 
obviously without foundation. Experience shows that where the step has 
been formed the current and tip velocity increase considerably; this 
can only be attributed to an increase in field strength at the tip and 
therefore to an increased potential on the tip itself. The sudden 
voltage drop at the instant of step formation does not by any means give 
the full voltage across the leader channel, so the mean longitudinal 
voltage gradients calculated from this voltage drop are too low. Using 
a 200 cm rod-plane gap, the lower values obtained by this method for 
the mean voltage gradient along the positive leader channel when this 
was 120 - 140 cm long were found to be between 1200 and 1600 V/cm with 
discharge circuit resistances of between 140 and 400 kf) respectively [2]. 
These figures show that the picture if the developing leader as a highly 
conducting almost equipotential channel (longitudinal gradients ~ 10 V/cm 
is not consistent with physical facts. 

The longitudinal gradients may be expected to decrease in time owing 
to the increased current heating the leader channel. It is here of 
interest to consider the final stages of leader development. 

The abrupt drop in spark-gap voltage when the main discharge strikes 
can be regarded as the sum of the voltage across the leader channel and 
the potential of its tip immediately before reaching the plane. Thus, 
assuming that the tip potential is zero near earth, it is possible to 
obtain a value, which we know to be exaggerated, for the mean longitudinal 
channel gradient at the instant immediately preceding the main discharge. 
The gradients obtained under the above test conditions were between 1000 
and 1600 V/cm, regardless of the discharge resistance (in 42 tests the 
drop was between 230 and 370 kV). 
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Pig. 2 Distribution of the excess positive charge along the leader 

(for the discharge of Pig. 1). 

Thus, the lower limit for the mean channel gradient determined when 
the leader bridges 60 - 70 per cent of the spark gap is between 1200 
and 1600 V/cm, and the upper limit, determined immediately before the 
leader reaches the plane, is between 1000 and 1600 V/cm. This shows 
that the mean longitudinal gradient decreases considerably during 
development. 

The channel current, i, is given by i = nev, where v is the tip 
velocity, e the electronic charge and n the number of electrons leaving 
the channel per unit increase in length (ne is numerically equal to the 
linear excess positive space charge density in the leader envelope). 

On the other hand, i may be expressed as the number of electrons released 
during ionization per unit length of the leader, n^ and by the electron 
drift velocity, produced by the longitudinal gradients in the channel, 

viz. 


i = nev = n^ev\ i.e. nv = n'v' (2) 

As the tip of the leader approaches the plane, the leader current 
and the tip velocity increase considerably. Of the two, the current 
grows more rapidly, which means that the linear density of excess charge 
increases in the lower part of the leader. The variation in leader 
current and tip velocity in the rod-plane gap is shown in Pig.1. 

In 5 fjsec (from 3 psec to 8 ptsec) the current increases ten times, the 
tip velocity five times, and their ratio ne = i/v two times. The 
distribution of linear excess charge density along the whole channel 
for the same discharge is shown in Pig.2, 




Voltage gradients in a long-spark leader channel 


109 


is less than v [s]. An increase in ne along the leader channel 
therefore means, in accordance with (2), an increase in n' in the 
channel plasma. 

Let us consider the discharge records for the rod-plane gap shown in 
Pig.3. The records were obtained with a high-speed rotating camera with 
a ‘Jupiter-3' lens, by the well-known method [l] of photographing 
simultaneously through a number of slits at different distances from the 
plane. The records show that at any particular instant (the times are 
determined by reference to the instant when the main discharge strikes) 
the channel diameter (^‘core'O is almost constant throughout the length. 



= 67 cm 


Fig. 3 Time-base records for the leader channel. Rod-plane gap, 

150 cm long. Discharge circuit resistances 28 kf); h = distance, 
between the leader tip and the plane; 1 - leader stage of the 
discharge: 2 - main discharge. Side branches round the main 
channel are visible in the bottom record. 

The higher linear electron density in the lower part of the channel 
(of constant diameter), indicates a higher conductance and a lower 
longitudinal voltage gradient. The initial voltage gradients therefore 
vary along the leader channel, being higher at the top, and lower at 
the bottom. The gradients should fall with time, particularly in the 
older parts of the channel, owing to thermal ionization. 
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Since the linear excess positive ion density is constant 
(ne = i/v ^ const.) Loeb [3] assumes the leader channel homogeneous 
throughout its length and the voltage gradients constant along the 

channel. 
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MEASUREMENT OF EARTH RESISTANCES* 

A.B. OSLON 
Zlatoust 


(Received 23 August 1955j 

A three-electrode circuit is used to measure the resistances of an earthing 
system, these being: the earth electrode (earthing circuit), the current 
electrode and the potential electrode. All quantities referring to the 
earth electrode are denoted by the K, those referring to the current 
electrode by subscript T and those referring to the potential electrode 
by P. 

Current is passed through the earth and current electrodes. The potential 
of the circuit is measured via the potential electrode. The earth resis¬ 
tance equals the measured potential divided by the current passing. 

In Pig. 1 the voltmeter and ammeter are instruments specially designed 
for measuring the resistances of earthing systems. 

It is usually assumed that the 
current and earth electrodes must be 
sufficiently far apart not to distort the 
field and that a sufficiently large zero 
potential zone remains between them. 

The potential electrode must be placed 
in the zero potential zone [l,2]. 

Let us assume that we already know 
the earth resistance of the circuit 
Is it then possible, having placed the 
current electrode at an arbitrary point, to so locate the potential elec¬ 
trode that the measured resistance is equal to P^? If this is possible, 
how can we determine the 'locus of precise measurements' ? 

« 

To answer this question we will use the analogy between an electrostatic 
field and the field due to a current in a conducting medium. 

• Elektrichestvo No. 2. 56-58 (1957). [Reprint Order No. EL. lo] 
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Maxwell's equations with potential coefficients for the three electrodes 


are 


'^K ~ ^KK^K + °-KT^T ^KPh 


'■KK^K 


4>, 


^TK^K “t 


4>p = o-pj^Ik + apjlp + CLppIp 

Current flow from the electrodes into the ground is taken as positive 
Neglecting the current drawn by the voltmeters we get: 






The measured resistance is 


R 


meas 


(pj( - cpp 


Assuming ~ ^ 21 * 


R 


meas 


^-KK + °-TP ~ '^KT ~ ^KP 


air/i, - ai 


( 1 ) 


The actual earth resistance 


xi^ 

If ^eas ^ following condition must be satisfied: 

a^p = + a^p (2) 

Equation (2) is the answer to our question. Prom this we can draw the 
following conclusions: 

(a) It is theoretically possible to measure earth resistances accurately 
when the measuring and earth electrodes are placed arbitrarily close 
together 

(b) When the measuring electrodes have been placed in a certain way, the 
result of the measurement is independent of which is the current electrode 
and which the potential electrode. 
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Prom (a) it follows that the measurement may be accurate even when the 
current electrode distorts the field of the earth electrode, and from (b) 
that the second electrode need not necessarily be placed in a zone of zero 
potential. 

We will demonstrate the usefulness of (b) for any measurement performed 
by the 'three-point' method used for obtaining potential distributions 
in the field, measuring the footing-resistances of steel towers connected 

through earth wires, when the earthing 
circuit is disconnected from the base of 
the tower, etc. For this purpose we 
will represent the measuring circuit as 
a passive four-terminal network, all 
elements being linear over the entire 
current range. In Pig.2, 1' and 2' 
represent the earth electrode, 1 the 
current electrode and 2 the potential 
electrode. 

The following relationships apply to such a four-terminal network: 



V, = + BI,, I, 


CU^ + DI^ 


Assuming = 0, we get 


R 


me as 



I 

C 


Let us reverse the current and potential electrodes. (Pig. 3). We then 
get 


t/j = + BI^, 12 


CU^ + AI^ 


then Ij = 0 and 


R 


meas 




1 

...J f 

mOfm 



Pig. 3 


The identity ^ meas 

most general demonstration of (b). 

We give below examples of electrode 
sitings satisfying equation (2). In the 
examples the soil is assumed to be 
homogeneous and of resistivity p. 
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A concentrated earth electrode 

An earth electrode will be termed concentrated if its field is radial 
and spherical, at a short distance away a few metres). At this 
distance (2) 


a 


P 


KM 


2Trr 


KM 


where is the distance (subscript M denoting any measuring electrode) 

Since the measuring electrodes are concentrated electrodes, we always 
have 


a 


P 


KP - 


27T r 


KP 


These expressions and equation (2) show that for the earth resistance 
measurement to be accurate we must have 


1 


TP 


1 1 


(3) 


^KT ^KP 


or 


TP == 


^KT ^KP 


KT 


+ r 


KP 


In practice it is desirable that the total lead length to the measuring 
instrument + rj^p) should be a minimum, this being the case when 


KT 


KP 


If rpj, must not be less than a certain value for some reason, the same 
condition must be imposed on r^p, since the conditions applying to both 
electrodes are similar. In this case 


TP 


„ ^KM 


(4) 


The relative positions of the electrodes are indicated in Fig.4 
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A radial earth electrode 


The equipotential lines of a radial earth electrode on the surface of 
the ground are ellipses, so 



Pig.4. Recommended 
positions for the 
measuring of elec¬ 
trodes when testing 
a small earth 
electrode 

rjy = r^p/2 = rff^j/2 


Ip a + c 

0 =: - In - 

4 77 c a c 

where a is the semi-major axis, and ''c''the focal 
distance, eQual to the length of the earth 
electrode Zj instead of Stt we took 4 7 t, because 
the ground represents a half-space. 


Hence, 


CXrrtM = -- J-U -7 

2 77 i 2a - I 

where 2a is the sum of the distances from the 
measuring electrode to the ends of the radial 
earth electrode. 


We will measure from the mid-point of the earth electrode. 


When (Pig. 5) 


^KM 


dpp ^ ^ 

4 77r^ Srrx 


where x and y are the co-ordinates of the 
measuring electrode in the first quadrant. 

Hence, 


X 


i 


4 In 


a2a + I 
2a^l 


Pig.5. Resistance measurement for a radial 
earth electrode. 1. Lines along which 
equation (4) is satisfied for symmetrical^ 
disposed electrodes. For these, = yV15; 
2. Lines of accurate measurement (columns 3 
and 4 of table). 
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We will find the relation between x and y which assures accurate 
measurements. Prom the equation of an ellipse 

2 2 
^ y 



we have 

y = 

We have, therefore, obtained a single-valued solution applicable to 
measuring electrodes disposed symmetrically about the y-axis. 

i 

The measured data are given in the first six columns of the following 
table. As fundamental datum we took the semi-minor axis 6 of the ellipse. 

All distances are in metres. 

cL/p emphasises that the result is independent of the character of the 
soil (/O is measured in ohm-metres). 


TABLE 1 




Let us assume that I — 20 m, the earth electrode diameter to be d = 1 cm, 
sunk to a depth f = 50 cm. 

For a radial earth electrode (1) 


P I 

- In - 

2 77 Z dt 
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In our case = 0.09p. 

The table shows that when a: has the values given in column 3, we get, 
with the values of y in column 4, ~ 

The last three columns show the error of measurements when the electrodes 
are placed to correspond with equation (4), i.e. on the lines 1 (Pig.5). 
y' is assumed equal to y, in which case we get practically 

The table shows that when the electrodes are arranged to correspond 
with equation (4), distances of i/2 from the mid-point of the radial earth 
electrode to the measuring electrodes are sufficient to assure an accuracy 

of 5 per cent. 

Circuit consisting of linear horizontal segments 

(polygon, star, etc.) 

Each linear segment i sets up a potential 



hP 2a. + 

In _i- 1 

2 77 i £ 2a£ - 


the measuring electrode where 2a^ is the sum of the distances from the 
measuring electrode to the ends of segment i, 

being the length of segment i; 

I- the current flowing from it into the ground. 

The potential set up at the measuring electrode by the whole circuit 
becomes 






2a. — I,. 

t i 


Let us assume Ij/lj = where L = 21^. Then, 





P 

2ttL 


In 


2 o £ + li 

2«i - h 


Where n is the product sign. 
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We use a rectangular circuit to show 
that a correct choice of distance from 
the circuit will give a satisfactory 
accuracy when the electrodes are 
placed in accordance with equation (4). 
Distances are measured from the centre 
of the circuit. 

Pig,6 shows a rectangular earthing 
system and also two possible locations 
for the measuring electrodes. We 
know [ 3 ] that for such a system 




p 8L^ 

- In- 

2rfL Tfbt 


Pig.6. Earth resistance 
measurement on a rectan¬ 
gular earthing system. 


where L is the perimeter of the circuit; 

6 the width of the earthing strip; t the depth to which it is sunk in the 
earth. 


In our case L - 800 m, 6-50 mm, f - 50 cm. With these parameters, 
= 3.58 X 10" 


The above formulae give 




djip/p 

^K’ 

Variant A 

0.050 X 10“® 

1.06 X 10“® 

1,7 

Variant B 

0.574 X 10~® 

1 _ 

1.06 X 10~3 

2.5 


By using additional internal strips, vertical earth electrodes, etc. 
the earth resistances may be reduced, but it cannot be less than the 
resistance of a hemisphere of diameter equal to the circuit diagonal 
D = 316 m, for which 



TTD 


10“V 


In this extreme case the error reaches 8.8 per cent for B. In general 
an error of 10 per cent is regarded as acceptable [l,3,4]. 



Measurement of earth resistances 


119 


In the literature [2-4] recommended for use, when measuring the 
resistance of the earthing of large objects 

Vkp > 5D; rpp = 40 m; > (SD + 40) m 

These cause exceptionally large errors. Indeed, we would get in our 

case 


KP 


1580 m, a 


P 


KP 


277 r 


0.1 X 10 r rpp 


40 m, a 


TP 


KP 


P 


277 r 


4 X 10 


TP 


t'kt 1620 in, ^KT 


2rrr 


% 0.1 X 10 V: 


app - ttjjrp - 3f^p 


KT 


3.8 X 10 V 


Rtr t 

ii 


^R 


K 


R 


100 


K 


= 3.8 X 10“W3-58 X 10 V X 100 - 106% 


and in the extreme case for - 1 x 10 V 

A 3^ = 380 per cent 


So in measuring the earth resistances of large objects the distance 
between the measuring electrodes and the centre of the system must not be 
shorter than the diagonal of the earth contact, and the interelectrode 
distance not less than half this. 
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AUTOMATION OF ELECTRIC DRIVES 
FOR BUCKET-CHAIN DREDGERS*** 

L.P. SHKLIARSKII 

Bauman Higher Technical College, Moscow. 


Automatic load drive and manoeuvring winch control is a current problem 
in ensuring maximum dredger productivity. 

Attempts^ had earlier been made to render the drive control auto¬ 
matic, e.g. in 1937 in the "Primorzoloto** trust [l]. They were based 
on the use of fluid flywheels with servomotors actuated by current 
relays in the stator circuit of the bucket chain drive motor. Such a 
stepwise control could not be widely used in practice 

Therefore the output control required by the soil variations is 
performed manually in most induction-motor dredgers, viz, by altering 
the lateral feed rate. Rheostats are used in the manoeuvring winch 
rotor circuit, the bucket drive motor speed being constant. 

The automatic control system described below is based on the manual 
one, viz, that the lateral feed rate must change with the soil 
properties, the bucket drive speed being kept practically constant to 
ensure maximum productivity. 


* Elektrichestvo No. 1, pp.22—25, (1957). 

^ Only a. c. driven dredgers are considered. 

A design for 0.23 bucket (1949: '^ibelektromontazh*^ trust) for both d.c. 
(generator + motor) and a.c. systems. Provided for automatic rheostat control 
of the maneouvring winches. But the IZTM works adopted the d.c. drive 
system for industrial production. 

[Reprint Order No. EL. ll] 
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Field tests by the author In 1951, 1954 and 1955 on excavators in 
the Northern and Southern Urals gave approximate relationships between 
power, current and torque for bucket- and manoeuvring-winch drives, 
from which the winch motor characteristics could be more accurately 
defined. These requirements are specified below. 


When, for example the buckets are incompletely filled during 
excavation and therefore the bucket motor load is lower, the bucket 
load must be increased by increasing the pressure on the ground, i.e. 
by increasing the latersl feed rate. On the other hand when the 
buckets become too full the lateral feed rate must be reduced. 


Moreover, the desirability of limiting the bucket and manoeuvring 
winch drive overloads on encountering obstacles in the ground also 
calls for a reduction in lateral feed. The manoeuvring winch drives 
must therefore have flexible characteristics. 

This can be checked from the field tests characteristics, one of 
which is shown in Pig. 1. 



Pig.1, Mechanical characteristics of a manually controlled 
winch motor on a dredger with 0.38 m® buckets. Motor 
ratings - 25.8 kW, = 575 rev/min, = 44 kg m. 

The maximum winch motor torque must not exceed the value permitted 
by the winch rope strength. This means it must stall at = 1*5 

Thus the characteristic must approximate to hyperbolic, the stalling 
torque being (at n = 0). 
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Pig. 2. Basic circuit diagram of the laboratory test set-up. 
winch motor; LM: loading machine; 
bucket drive motor replaced by a rheostat in the 
laboratory. 

Control of the winch drive motor with a resistor in series with 
the rotor and magnetic amplifiers (MA, Pig.2) is the most suitable 
as regards motor temperature rise and automatic control of characteris¬ 
tics as a function of bucket drive motor load assuming that slipring-type 
induction motors are used for driving the manoeuvring winch. 

The magnetic amplifier control windings Clf are fed via a metal 
rectifier B from the current transformer CT in the bucket drive stator 
circuit. The manoeuvring winch motor is controlled automatically 
by the bucket drive stator current. 

This system does not require the existing electrical equipment to be 
rearranged, and is not very expensive. A number of alternative reactor- 
controlled slipring motors with different saturable reactors in the 
rotor circuit have been studied to determine the minimum capital outlay, 
weight and space requirements. This work led to the two-phase saturable 
reactor system (two single-phase a.c. windings on a common core, (Pig.2) 
being adopted. The curves for at different control currents i are 
shown in Pig.3.* . ^ 


* The induction motor used in the laboratory tests was a type AK-51-6, 

= 1.7 kW, = 905 rev/inin, = 220/380 V. = 8. 5/3.8 A, = 0. 725, 
p.f. == 0.72, 1 2 = 20.2 A, Eg = 57 V, stalling torque/normal torque = 2, 

= 11.3 n, = 5.5 rg = 6 Q. Ratings of the loading machine: 

Type PN 28.5, = 2.8 kW. = 220 V, = 15.8 A, = 1500 rev/min. 
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Pig. 3. Experimental mechanical characteristic of in the 
circuit of Pig. 2 for different control currents, i^. 

The system with asymmetric (two-phase) control reactances (M) in 
the rotor circuit may be analysed via the symmetrical components method 
[2]. Although the general theory of induction motor operation with 
asymmetry in the secondary circuit has been fully treated in the.litera¬ 
ture [3-6], no expression for the torque applicable to this case and 
convenient for practical use has yet been given. Therefore we derive 
below an expression for the torque as a function of slip, based on the 
equivalent circuit for a forward rotating field (positive phase-sequence). 
Pig,4(a), and for a reverse rotating field (negative phase sequence), 
Pig.4(b). 


H I—fH ■ □—I 1—cm 


jf —1-M 

^ 1- 1- 

K L 

k -J 

__— ^ 

ZfJ. 


2s-1 ‘^2“’ S /q _^ 



L -n—T— 

. 1 

Z/x 


r 

L__ -- 


(b) 


Pig. 4. Equivalent circuit of the induction motor for the 
direct (a) and the inverse field (b). 
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The equivalent impedances of the zero, positive and negative phase 
sequences respectively, which are determined by the magnetic 

amplifier reactances and in the two rotor phases, can be written 
as follows:* 



• X 4* ^ 

J q c 


I - j - 


( 1 ) 

( 2 ) 



j 



4- X 
^ C 


3 



From the equivalent circuits of Pig.4, neglecting the magnetizing 
current (I^ = 0), some simple steps give the torque as: 

from the direct field 




(r^/2)(c^ + b^) 

(a^ - + d)^ + b^(a + c)^ 


from the inverse field 


(4) 


JMjj _ K 


(2, - l)d 


(a - b^ + d)^ + 6^(o + c)^ 

c 


(5) 


where 


jK 


mV? 

9.81a; ’ 


a = 


r -t 

$ 


b = (x^ + x) ; 


a ' c 


r r 1 

--L_. ^ -L ; d = — [(x - X + W w ] 

25-1 5 9 ® ^ ^ 


* The resistances of the a.c. windings on the magnetic amplifier are neglected. 

I 

Fg includes the internal resistance of the rotor phase as well as the external 

series resistances r . 

r 
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The total torque is the algebraic sum of the forward and reverse torques, 
i.e. 

M = Mj -h ykfjj (6) 

equations (4), (5) and (6) therefore enable us to derive the mechanical 

characteristics for different signals at the magnetic amplifier inputs 

which determine the corresponding reactances x and x . 

c 

The experimental curves (Pig.3) show that there is practically no 
undesirable torque drop due to core saturation [7-8] in the half-synchronous 
speed range. The torque drop can therefore be neglected in calculating 
the mechanical characteristics. 

This system (Pig.2) makes it possible to obtain the desired winch 
motor characteristic automatically, (e.g. similar to that shown in Pig. 1) 
and to satisfy the requirements laid down at the beginning of the article. 



Pig. 5, Characteristics of 
under laboratory conditions. 


in the circuit of Pig. 2 obtained 
- , -. - static torque. 


Pig.5 shows several such laboratory test curves obtained with various 
m.m.f. increments in the magnetic amplifier control circuits. 1 and 2 
were obtained with two single-phase amplifiers and 3 and 4 with one 
two-phase amplifier. 

\ 

The asymmetric impedances in the rotor give rise to direct and inverse 
fields, the stator current contains a component of normal frequency 
and another of reduced frequency = /^d - 2s). which cause bea ing. 

But Pig.6 shows that this beat remains slight even at minimum sign 
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Pig* 6. Oscillograms for I, and U, in the stator. 


(i^ = 0) when the asymmetry is maximal.* The additional winding 
temperature rise due to the reduced frequency currents is also very 
small. The stator terminal voltage is practically unchanged. 

The reduced p. f. typical of inductor control systems cannot be 
considered as hindering the use of this system on dredgers since the 
winch drives on those with 0.155, 0.21 and 0.38 m® buckets are of 
relatively low ratings (18 - 26 kW). Static capacitors connected to 
the stator terminals will improve the p. f. 


Conclusions 

(1) Laboratory and theoretical work has shown that the magnetic 
amplifier system provides the required winch motor characteristics 
automatically. 

(2) The system is simple. The main electrical equipment need not be 
rearranged or changed in order to introduce it. The capital cost is 
low. 

(3) The automatic control system would reduce the strain on the operator 
and increase his productivity. 


List of symbols 

and magnetic amplifier inductive reactances in the a and c 
rotor phases; 

a operator rotating vectors through 120^; 

* When = 0 the modulus of the coefficient of current unbalance (y = Iji/Ij). 
which specifies the degree of asymmetry in the rotor circuit, was 0.68. 
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7 positive-sequence impedance of one stator phase; 

1,1 

7 negative-sequence impedance of one stator phase; 

7 impedance of one rotor phase; 

2 

r and % resistance and inductive reactance of one stator phase; 

r and x referred resistance and inductive reactance of a rotor phase; 

2 2 

r, inductive reactance of one motor phase; 


U phase voltage on the stator; 

1 

j positive-sequence stator current; 

I negative-sequence stator current; 

1 X X 

i j positive-sequence rotor current; 

i - negative-sequence rotor current; 

21 X X 

m =/ 7 i =/n = number of phases in stator and rotor; 

2 

CO = synchronous angular velocity of the motor; 


s = slip; 

w and r are the number of turns and resistance of the magnetic ampli- 
‘ fier control winding respectively. 
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DIFFERENTIAL PROTECTION CIRCUITS 
WITH MAGNETIC RESTRAINT* 

A.D. DROZDOV 

Ordzhonikidze Polytechnical Institute, Novockerkassk 

(Received 19 October 1955j 


The simple principle of magnetic restraint, known since 1930, has now 
also been applied to differential protection. We are now well acquainted 
with the theory of this principle and have evolved methods of elimina¬ 
ting the dependence of relay response on the phase relations of the 
individual phases; also rational relay designs using one or more res¬ 
training windings exist [l - 4]. 


The present communication presents methods of synthesizing, trans¬ 
forming and designing differential protection circuits. 

Pig. 1(a) shows a symmetrical circuit containing a balance coil and 
split restraining or premagnetizing coils connected into the arms of the 
protection circuit. One three-limb core could be used instead of the 
two two-limb cores shown in Pig.l: tests show that the results obtained 
with this arrangement are quite similar to those with two-limb cores. 

By applying the law of conservation of current the circuit of Pig.1(a) 
can be simplified without appreciably altering 

coils with different numbers of turns could be used instead of the three 
coils in series on the outer and central limbs. 


Let us remove the coil iv^/2 on the right-hand limb, and reduce the 
turns on the working winding by w^^/2. thus retaining the nett ampere 
turns, and increase the turns on the left-hand premagnetizing coil by the 
same number, or, which amounts to the same, let us transfer w^/2 turns 
from the right-hand to the central and left-hand limbs. The new wor mg 

winding then has turns. 

To maintain the ampere-turns produced in the central limb by 4 we 

have to increase the balance winding turns by w^^/2- 

I o [Reprint Order No. EL. 12j 

* Elektrichestvo No. 2, 33-36 (1950. ^ 
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Furthermore, we will remove w^^/2 turns from the left-hand limb ai 
correspondingly reduce the balance turns and increase the right-hand 
premagnetizing turns. The new number of turns on the balance windin, 
is 


“’6Z = "''bZ + “'na/2 - “’„6/2 



Pig.1 Differential protection circuits with equal total numbers 

of ampere-turns. 

(a) with separate working and premagnetizing windings; 

(b) equivalent circuit with premagnetizing windings partly 
acting as working coil; 

(c) the same, but with reversed senses of the premagne¬ 
tizing coils; 

(d) and (e) with separate circuits. 

(f) saturable transformers with short-circuited turns. 











Differential protection circuizs wiuii 




X w VJ A 


Fig Kb) shows the circuit so obtained. The premagnetizing coils 
act partly as the working winding. Therefore we may add the turns on 
the working and balance windings and determine them from the folio g 

formulae: 


w nd 




The total may be fractional. We derive below the formulae and give 
an example of winding calculation for the circuit of Pig.1(b). 

The total turns are determined from the ampere-turns found experlmen- 
tally via the response of an unrestrained relay, viz. 


' = cF/I,„ = 1.05 X 70/5 

w ‘ sa 


14.7 


where I = 5 A is the operate current on the side of the winding a; 
c- I Tl is a factor allowing for the increase in operate current 
with Tunilateral internal fault over the current occurring with a 
symmetrical bilateral supply. The well-known formula for c for 
mechanical relays gives 


c = 


- fe' 


The restraining factor fe is assumed as 0.6 when c - 1.05. We can 
determine c for magnetically restrained relays similarly ‘because 
characteristics at low currents are similar to those of mechanical 


relays, then is (1, 2) 


w ^ k “ 0.6 X 14.7 — 9 

^na w 


The effective k will be greater at high currents as may be established 
experimentally or from the curves of double magnetization (2). 

If the ratio of the nominal currents n = 4 /!^ is assumed as 1.46, 

ID I for the second premagnetizing coil becomes 
no 

w , ^ nw = 1.46 X 9 = 13 


and is 


14.7 - 4.5 10 
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The current in the arms of the protection circuit may be divided into 
the through-current and the differential current Ij. Since I, flows 
from the current transformer secondary to the differential circuit from 
both sides, we get 


I = 


a 




I 


b - 


th 


n 


4 

2n 


The magnetizing forces in the right-hand and left-hand circuits due 
to must be equal and opposite, i.e. 


+ “'na> ^ 


from which we can determine w. 


hi - + ^bl ^nb ^ 


w 


( 1 ) 


w 


bl 


— w i) =. 

w ^ na nb^ 

= 0.46 X 10 + 0.5(1.46 x 9 - 13) = 4.67 5 


( 2 ) 

The second term 5 on the right-hand side of equation (2) allows for 

imperfect agreement between the ratios of rounded-off turns and currents 
for the premagnetizing windings. 

equation (1) will be satisfied at some 
rent ratio other than nominal, corresponding to the winding para- 
meters adopted and determined from equation (1), viz. 


A 


n 


wd 


m ^ 0-5 _ 10 + 5 + 6.5 


W -j- w X 0 
W ^ ^na ^ 


10 + 4.5 


1.482 


(3) 


whlcTls rr'.r '""“““I m t.o cores 

quivalent to the unbalance-current increasing by 


A 


n 


n 


'ub 


n 


1 _ 1.46 — 1.482 

— 100 - ---- IQQ 

wd 1•482 


-1.5 per cent 


If we assume w;, , = 4 n - 1 aia* a • ^ rsr. 

, bl * wd ~ 1*414, A i T z: 3.25 per cent Pnr an 

operate current J = 10 A, w = 5 - - 0*00 c.. n a 

and when w., = 3 so A i -7 0 **^ ~ cent; 

is not correct a<fin\;: ^^^e choice of 

lb nor correct, as in the latter example, the effect of the i<= 

fully compensated by the resfreint ^7 ^6 l® 

u uy [,ne restraint (7 per cent « 60 per cent). 
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For compensation to be obtained we must have 


i 


ub 


+ 



< k 


r 


If the restraint is strong enough there is no need for the ratios of 
the current transformers to be exactly equal. 


Pig.1(a) may be modified in yet another way, viz. by transferring 
w /2 from the left-hand to the centre and right-hand limbs, is 
then increased, viz. 


w = w' + 0.5 w = 14.7 + 4.5 ^ 19 

W W TICL 

This gives the circuit of Pig.1(c) which differs from the original 
in the sense of the premagnetizing windings, which have the same turns 

as in Pig.1(a). 

Equations (1 - 3) may also be applied to Pig.1(c) if the signs of 

w and w , are reversed, viz. 
na no 



= (n - 

l)w^ - 0.5(n«.„„ 

- 

n I 

4- 

II 

^bl - _ 

1.482 

wd 

W 




w 

na 


A i , 

ub 

= -1.5 

per cent 



If we assume - 8, = 1.414 and A = 3.25 per cent. Conse¬ 

quently the figures are unchanged, from which we conclude that Fig.1(b) 
and (c) are equivalent as regards balancing the secondary currents, 
although Pig.1(c) would appear to have advantages owing to the greater 

number of turns. 

When other protection circuits are connected to one of this type the 
secondary circuits may have sometimes to be split. Fig.1(b) may then 
take the form shown in Fig.1(d). Fig.1(e), obtained by separating the 
common coils in Fig.1(d) will also serve. 

The restraining characteristics of the circuits must be identical if 

leakage is disregarded. But they actually differ in curvature (2). If 

the restraining and secondary windings are placed on the same limbs, 

and the working windings on the opposite limbs (Fig.l,a) the characteristic 

will become concave and k will increase for large currents due to 

r 
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additional preniagnetization In one part of the magnetic circuit. In 
Pig.1(b) the premagnetizing coils act as working coils so its character¬ 
istics will be less concave than those of Fig.1(a). The characteristics 
of Pig.1(d) and (b) are similar. The concavity for Pig.1(c) is much 
greater than that for Pig.1(a). Pig.1(e) has approximately linear 
characteristics because all windings are on the same limbs. 

Pig. 1(b) is preferable owing to its simplicity, universal usefulness, 
smaller number of turns and symmetrical characteristics. The premagne-' 
tizlng coil connections can here be reversed (Fig.1 c) or the circuits 
may be separated (Plg.l.d). No alterations to the design are required. 

Pig.1(b) can be made to give a saturable transformer with short- 
circuited turns with a lower sensitivity to aperiodic currents One 
such circuit is shown in Pig.1(f). Here the right-hand core with its 
windings is the transformer proper. In the short-circuited circuit of 
the left-hand core a current partly compensating the effect of the 
prtaary (alternating, cnrrent on the rlght-han/core Is sit Z 
reduces the number of primary turns, as it were. However, the effect 
of the constant current is not reduced, which results in a reduced 
sensitivity. Saturable transformers are more fully treated in ( 4 ). 



Pig. 2 Differential protection circuits with premagnetizing 

windings in one arm. 

(a) with separate working and premagnetizing 
windings; 

(b) simplified equivalent circuit. 


asymmetrically ^i Premagnetizing coils are placed 

and right-hand limbs as sh ^ Premagnetizing coil to the central 

is that thp iPQir in Pig. 2(b). A disadvantage of Pig 2(b) 

that the leatoge n„, 13 asy».etrlc .hen only tl«s. It and 
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I . are in phase in the premagnetizing windings (nij > J^), both the 
circuits of Fig.2 are under great restraint, as illustrated by curves 2 


Both currents directed 



Pig.3 Experimental characteristics of differential protection 

circuits. 

(a) symmetric circuit; 

(b) asymmetric circuit. 

in Pig.3, which refer to Pig.2(a). Symmetric circuits have symmetric 
characteristics (curve 1). The curves of Pig.3 are universal and give 
the currents in the protection circuit arms in terms of the oblique 
coordinates and nl^. Curves 2 may be made more symmetric by 

increasing (Pig.2), but this will normally introduce a flux which 

is difficult to control. 



Pig.4 Differential protection circuits of multiply wound 
transformers with equal total numbers of ampere-turns. 

(a) with separate primary and premagnetizing windings 

windings; 

(b) with premagnetizing windings partly acting as 
primary coil; 

(c) with reversed connections to the premagnetizing 
windings. 
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The circuits of Pig. 2 are simpler than those of Pig. 1 but restraints 
depend on the direction of which is difficult to predict. The 
location of the restraining coils is also of some importance, pig. 1(b) 
can easily be converted into the assymetric circuits of Pig.2. 


A differential protection circuit with several restraining coils can 
be designed round a transformer with slots in the magnetic circuits 
(Pig.4,a). The four premagnetizing coils act here independently. 

Pig.4(a) may be simplified as above, the equivalent circuit Pig.4(b) in 
which the premagnetizing windings act partly as primary coils being then 
obtained. The circuit can also be used with reversed premagnetizer 
connections (Pig.4,c); the curve is then strongly convex. But Pig.4(b) 
is preferable because it is simpler and has less turns. 



Pig. 5 Saturable transformer with 5 premagnetizing coils on the 

cross-members. 


cross-connections 

threading the turns first through one. and then 

corrisim convenient to use a different 

sSnfviS cin This has the advantage of 

resSainJnf efJ T facilitating alterations. There is no 

making for r^fah T ii^ternal symmetrically fed fault, this 

ing for reliability of operation. The damping characteristics of 

riifff. effected by a certain dispersion owing to the 

different arrangement of the coils. The construction of workLg coil 

circ“toe longitudinally slotted magnetic 

therejL be rel This design may 

tnerefore be regarded as more satisfactory. 
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THE STABILITIES OF MEASURING INSTRUMENTS 

USING MAGNICO AND ALNICO* 

E.G. SHRAMKOV, A.V. MITKEVICH and N.B. KOVALEV 


Although permanent magnets made from alloys of iron, nickel and aluminium 
are extensively used in modern devices, the stabilities of such systems 
have not been fully studied nor have they been exhaustively treated in 
the literature. The measuring apparatus used previously has been of low 
sensitivity and the methods of measurement have not been sufficiently 
accurate to detect small flux variations and hence prevented a sound 
appraisal of the way the systems behave. 

Some experimental data on Alni and Alnico permanent magnets have been 
published [l - 3], which state that flux variations of several per cent 
were observed. Other papers [4 - 6] mainly give general information 
with no experimental data. One paper [ 7 ] describes a sensitive balance method 
in which balance is obtained by varying the current through a coil in the 
air gap of the magnet,though data are only given for a few magnets. 

Ballistic null-methods for measuring accurately the flux densities in the 
air gaps of permanent magnets have also been described [8 - lO]. 

Kronenberg [ 10 ] gives data also on the stabilities of Alni and Alnico 
magnets. 


Measuring instruments and magnetic systems investigated 

A special type of measuring apparatus based on null-principles was 
developed to measure relative flux changes of about per cent. These 
new instruments were used to study the stability of one kind of magnet 
system with Alnico and Magnico magnets. Rectangular magnets with pole 
pieces held together in a silumina diecasting were held in rings of 
magnetically soft material to complete the flux path. The system 
differed from those used in electromagnetic instruments only by having a 
somewhat longer core which was pressed into a brass bush with an external 
thread to secure the system during the flux measurements. One of the 

* Elektrichestvo 3, 62r-61 (1957), [Reprint Order No. EL. I 3 ] 
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measuring instruments developed consists of a balance with arms having 
different masses (similar to that described in [ 7 ]). The balance beam 
rests with its knife edges on jewel bearings. One arm bears a pointer 
which is observed with a telescope. A gear transmission train actuated 
by a handle is used for positioning the system and balancing is achieved 
by varying the current through a coil in the air gap. At balance the 
current in the coil is inversely proportional to the flux density. 

The other measuring instrument was developed by N.B. Kovalev. Here 
two opposing torques acting on a moving system are balanced; one torque 
is produced by an astatic electrodynamic measuring system and the other 
by the current in a test coil and the flux of the system. The stationary 
and the moving coils of the electrodynamic system and the test coil are 
all connected in series. The moving system is suspended, and carries a 
mirror. A fixed mirror is placed below the first one so that two images 
(from the two mirrors) of a scale placed near the telescope can be seen. 
When the two torques are equal, or when no current flows in the coils, 
the instrument reads zero, and the two images coincide. When the two 
torques balance the current in the coils is proportional to the flux 
density in the air gap. A handle is used to position the magnetic 
system. 

In both measuring instruments the coil current was measured potentio- 
metrically accurate to ~0.005 per cent. Since the instruments were 
designed for making extensive measurements provision was made to ensure 
accurate resetting of the magnetic systems. The temperature of the 
instrument room was maintained constant at 22° ± 0.1°C. All readings 
were made from another room which contained the potentiometer. The 
reproducibility was estimated to be ~0.03 per cent for each instrument. 
The results given below were obtained mainly with the first instrument; 
the second instrument was primarily used to verify the readings of the 
first. 

Altogether we investigated 94 systems; 50 were fitted with Magnico 
magnets (40 were produced in August, 1952 and 10 in February, 1955) and 
44 of Alnico (produced in May - September, 1953 and in November, 1954). 
Only the most typical results will be described. 

All 94 systems were magnetized practically up to saturation with a 
d.c. electromagnet having special pole pieces embracing the system. 
Magnetic stabilization, i.e. partial demagnetization, was carried out 
mainly by applying a 50 c/s field which was gradually reduced to zero. 
For this purpose another electromagnet with laminated sheet steel yoke 
and pole pieces was used; the pole pieces were arranged as in the d.c. 
magnetizing electromagnet. 



0.12 



Pig 























The stabilities of measuring instruments using Magnico and Alnico 


141 


Magnetic systems with Magnico alloy magnets 

Heat treatment effects following magnetization and stabilization, and 
the effect of the degree of stabilizing demagnetization on the consequent 
behaviour were studied on Magnico alloy systems for periods of up to 
154 years. 

Pig. 1 shows the results obtained on seven systems six months after 
manufacture (the system numbers are shown against the curves on this and 
the following figures). The ordinate indicates the percentage flux 
density variation in the working gap, the abscissae indicating the 
annealing temperatures and time in hours and days. 

All seven systems were magnetized: two were not subsequently 
demagnetized (lower curves), two others (nos. 446 and 421) were 55 per 
cent demagnetized using an a.c. electromagnet and the remaining three 
(nos. 229, 397 and 413) were 6 per cent demagnetized, using the same 
method. Next, six were treated at +80^C for 1 hr and cooled down to room 
temperature. (The heating time of about 30 min is not included). One 
(no. 397) which was 6 per cent demagnetized was not subjected to heat 
treatment (the curve starts from the vertical dashed line marked ^'anneal''). 

The six treated systems were first measured 2 ~ 3 hr after heating and 
the unannealed one was first measured approximately 30 min after 
demagnetization. Pig.1 shows that heating at +80^C led to a flux increase 
of 0.03 - 0.06 per cent in 6 per cent demagnetized systems, whereas in 
55 per cent demagnetized systems a slight weakening of 0.02 - 0.03 per 
cent resulted. In the systems which were not demagnetized the flux drop 
was 0.07 to 0.12 per cent. The flux drop was greater following annealing 
at +80°C; for example, a drop of 0.9 per cent was observed for one non- 
demagnetized system. 

The flux changes were most pronounced during the first few days after 
heat treatment for the non-stabilized systems. Stabilized systems were 
stable to within a few hundredths of one per cent. 

Systems 6-10 per cent demagnetized and given a second heat treatment 
at +80^C showed flux increases of sometimes up to 0.16 per cent. Treatments 
subsequent to the second or third were found to have comparatively little 
effect and the annealing time if > 1 hr, was unimportant; annealing for 
1 or 4 hr produced approximately the same effect. 

Investigations on systems immediately after manufacture, and some time 
afterwards showed that annealing at +80*^0 has more effect on the flux 
when carried out.immediately after manufacture. This is quite possibly due 
to structural changes in the magnet or to some other changes in the system 

as a whole. 
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In practice magnetic systems are sometimes conditioned by thermal 
cycling prior to magnetization. It was desired to elucidate how this 
treatment would influence subsequent behaviour of the system. Pig.2 gives 
data for nine systems, five of which (broken lines) were given 10 cycles 
from -80^C to +100^0 before magnetization; each temperature being main¬ 
tained for 4 hr. The remaining four systems (full lines) did not undergo 
this treatment. Next, all the nine systems were magnetized and partly 
demagnetized using an a.c. electromagnet. Five systems were demagnetized 
12 - 15 per cent (upper curves in Pig.2) and four 60 - 70 per cent (lower 
curves). After this all the systems were given 3 cycles from -80^C to 
+100^0, temperature being maintained for 2 hr; the treatment being 
started with cooling. 

The curves show that thermal conditioning produces slight flux increases 
in 12 - 15 per cent demagnetized systems whereas the flux decreases slightly 
in systems demagnetized 60 - 70 per cent. Whether the magnet was cooled 
before or after being annealed made no difference to its subsequent 
behaviour. 

Similar systems, 20 and 45 per cent demagnetized, gave curves which lie 
between the upper and lower groups in Pig.2. 

The data show that preliminary thermal treatment does not affect the 
subsequent behaviour to any noticeable extent, i.e., this treatment is 
not essential. All the nine systems studied were about equally stable. 

A rather important fact is that even those 60 - 70 per cent demagnetized 
were satisfactorily stable. 

Magnetic shunts were applied before magnetization in some cases and, 
after demagnetization and a few cycles to +80^C the shunts were moved 
from one limiting position to the other. The stabilities of these 
systems did not differ from those of systems without shunts. 


Systems with Alnico magnets 

Pig.3 shows the effects of post-magnetization heat treatment followed 
by stabilization, and of the degree of stabilizing demagnetization on 
Alnico systems. Six systems were magnetized and then demagnetized 6-10 
per cent using an a.c. electromagnet. All these were then subjected to 
six heat treatments at +80®C, each heating being followed by cooling to 
room temperature. The higher temperature of +80^C was maintained for 
1 hr with three specimens (full curves) and 4 hr with the other three 
(broken curves). As before, the time required to reach +80^C (30 min) 
is not included in the duration of the heat treatment. 



0,24 


144 


The stabilities of measuring instruments using Magnico and Alnic 



CO 

W) 

•H 

Cx. 







The stabilities of measuring instruments using Magnico and Alnico 


145 


The curves show that 1 and 4 hr annealing have approximately the same 
effects. Further treatments beyond the second also have comparatively 
little effect.” One system (top curve, I) stands out from the others. 

An unusually large flux change was found after the first heat treat¬ 
ment, and therefore the system was subjected to a new series of heat 
treatments two weeks later (curve II, Pig.3). This confirmed that 
there was a genuine difference between this system and the others, 
which did not disappear after the subsequent heat treatments. During 
the work on Alnico magnets yet another system was discovered which 
reacted to heating in the same manner as no. 926 (Pig.3). These two 
which reacted quite strongly to annealing had originally the same flux 
densities as all the others. So some definitely undesirable irregularity 
requiring separate investigation occurred here. 

Two systems were annealed at +300°C for 4 hr, which caused little 
change in their subsequent reactions. 

A number of systems demagnetized by varying percentages (between 4 
and 20 per cent), and one system not demagnetized at all, were subjected 
to several cycles between +80°C and -80°C. With two exceptions the 
resulting flux reductions were less than 0.06 per cent. The exceptions 
were one demagnetized 4 per cent which had its flux reduced by approx¬ 
imately 0.18 per cent and the non-deraagnetized system which dropped 

by approximately 0.7 per cent. 

All the partially demagnetized systems were found to be about equally 
stable and the variations during a year did not much exceed 0.01 per 
cent (within the limits of experimental error). 

The systems were normally magnetized in groups placed between the 
poles of an electromagnet. Partial demagnetization was carried out 
using a 50 c/s a.c. electromagnet. The magnets were therefore magne¬ 
tized and demagnetized under conditions differing from their normal 
working conditions. A magnet in a 50 c/s field is also more strongly 
demagnetized near the surface. Consequently various demagnetization 
methods were studied at the same time as the premagnetization heat 
treatment. 

Five of the eleven systems were given 11 cycles from -80 C to +120 C, 
each temperature being maintained for 2 hr before magnetization (dashed 
curves, Pig.4). The remaining six systems were not so treated (full 
curves, Pig.4). All eleven were magnetized and then demagnetized by 
6-10 per cent by various methods. Heat treatment at +80^C for 4 hr 
followed. Three systems were demagnetized using the field of a d.c. 
electromagnet with pole pieces sufficiently large to enclose the systems 
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The exciting current was smoothly reduced to zero and reversed 1 to 2 
times/sec. The curves obtained lie in the upper part of Pig. 4. Two 
systems were demagnetized by d.c. coils placed directly on the magnets. 

The direction and magnitude of the direct currents in these colls were 
altered as with the electromagnet. Two other systems were a.c. demagne¬ 
tized using the same coils. The remaining four systems were demagnetized 
in the usual way using an a.c. electromagnet. The curves for the last 
eight systems (lower curves in Pig.4) are more or less similar, the 
spread in the points being within the limits of experimental error 
(0.03 per cent). The systems demagnetized with d.c. and a.c. electro- 
ma^ets were interchanged to check that a different type of curve 
resulted from demagnetization with the d.c. electromagnet. It was 
found that the type of curve obtained depended on the method of demag¬ 
netization, not on the particular system considered. 

Pig.4 shows that the systems demagnetized by means of the coils 
wound directly on the magnets, i.e. those magnetically stabilized under 
conditions similar to their working conditions, are affected by subse¬ 
quent heat treatment and time in approximately the same manner as the 
systems demagnetized with the a.c. electromagnet; their fluxes show 
a slight drop. A.C. electromagnet demagnetization is therefore suffi¬ 
ciently reliable. But systems demagnetized with the d.c. electromagnet 
reacted quite differently to heat treatment; their fluxes increased 
by up to 0.2 per cent. It would seem that large pole pieces make 
demagnetization with d.c. electromagnets more difficult than with a.c. 
electromagnets. The latter method is more similar to the way in which 
magnets are normally demagnetized during use. 

Pig.4 also shows that premagnetization heat treatment has little 
effect on the subsequent behaviour of Alnico magnet systems and so is 
not essential. The same conclusion had also been reached for Magnico 

systems. 

The present work also included some tests of the effects of magnetic 
shunts. Magnetic shunts were fitted to six of the above eleven systems 
before magnetization, and after demagnetization and heat treatment at 
+80°C these shunts were transferred between extreme positions. Nos. 365, 
400, 461, 515 and 420 had shunts fitted after annealing, i.e. moved to 
have maximum shunting effect, while no. 431 had its shunt removed. Pig.4 
shows that the stabilities are approximately the same with or without 
shunts. Only in no. 431 did the flux decrease by --0.09 per cent during 
the first six months after the de-shunting, and this has remained stable 
for the last nine months. 
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Effects of temperatures, vibration and external magnetic field 

These effects were studied mainly on magnetically and thermally 
stabilized Alnico and Magnico magnets, .i.e. ones which had undergone 
temperature cycle conditioning after magnetization and demagnetization. 

The systems were demagnetized by varying percentages (5 - 10 per cent) 
and after demagnetization were thermally cycled a number of times 
(+80°C to +20°C) and subsequently annealed at either +50°C or -50°C for 
5 hr. The flux changes after this treatment were within the limits of 
experimental error. 

Magnico magnets heat-treated after stabilization, but only annealed at 

50°C retained their fluxes practically unchanged for one year after 
stabilization. 

Vibration at 30 c/s and accelerations of 7g produced no effect on 
Magnico and Alnico magnets demagnetized by 6 - 10 per cent. 

These systems were subjected to an external uniform d.c. field of 
4 ampere/turns/cm and also to a 50 c/s a.c. field of 4 ampere- 
turns/cm peak. No changes were produced by this test. 

A flux increase of up to 0.09 per cent was observed in some cases 
when a 50 c/s field of amplitude 40 ampere-turns/cm had acted on Alnico 
magnets demagnetized by 6 - 10 per cent by an a.c. electromagnet. Those 

demagnetized 6-10 per cent by a d.c. electromagnet showed even greater 
flux increases, namely 0.1 — 0.4 per cent. 

The causes of the flux increases found in the Alnico systems used in 

the earlier tests were investigated by demagnetizing them in a weak 

50 c/s field from colls wound direct on the magnets. The fluxes dec¬ 
reased. 


In a second test the systems were demagnetized in the same type of 
field but With the coil wound on the ring completing the magnetic circuit. 
In this case the flux in the air gap was increased. 


It seems possible that in the first case only the actual magnets becoi 
emagnetized. causing flux reduction in the air gap, whereas in the 
second the comi^ratively weak alternating field affects the properties oJ 

DosJir more than the actual magnets. It is alsc 

possible that applying the demagnetizing coil to the ring (which was 

originally magnetized in the opposite sense to the magnets) improves the 

properties of the mgnetlo olroult «.d thus Inoreeses tL .Ir ^ “ox 
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It is suggested that the flux increase found when the system has 
been subjected to a comparatively weak external field (40 ampere-turns/cm), 
is associated with the way this field affects the magnet keeper ring. 


Conclusions 

The work on Itognico and Alnico magnets largely solved a number of 
problems relating to their stabilities against various external factors 
and indicated rational technical means of stabilizing them satisfactorily. 

The results apply to a considerable extent to other such items. But 
as the shape of the circuit and the material influence the stability to 
some degree more general deductions can only come from further work 
with various designs. 
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EFFECT OF EXCITER SATURATION ON TRANSIENTS 

IN SYNCHRONOUS MACHINES* 

L.Z. SHENKMAN 


It has been repeatedly stated [l,2] thLt the exciter affects transients 
in synchronous machines. Short-circuit and voltage recovery tests 
with the exciter connected to the generator rotor winding give a time 
constant somewhat smaller than that obtained by field-switching 
tests with the exciter disconnected. Exciter effects must therefore 
be allowed for when a more accurate knowledge of transients in syn¬ 
chronous machines is required. 

Analytical solution of the differential equations for transients 
in a synchronous machine plus those for exciter transients is rather 
complicated and is possible only if the equations are linearized by 
neglecting exciter saturation [ 2 ]. This linearization causes consider¬ 
able errors and vitiates the results. We have analysed transients in 
a system of synchronous machine plus exciter (allowing also for 
saturation) by integrating the equations numerically using the no-load 
exciter characteristic. 


Theoretical formulae 

As is usual when setting up the equations [ 2 ] we neglect the stator 
transient and stator resistance, the speed changes and also the effect of 

damper windings. The differential equation for the transient can then 
be written [3 - 4 ]: 






where 

^det the steady-state e.m.f. determined by the excitation 
current corresponding to the exciter terminal voltage; 

* Elektrichestvo NoA, 35-^8 (1957). [Reprint Order No. EL.14] 
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E, is the e.m.f. determined by the excitation current; 

a 

is the transient time constant 



The stator current equation for a three-phase stator short circuit 
IS the same form: 





n 




I. being related to on a per unit basis by the following obvious 
jlation; 



The exciter transient differential equation can be representated with 
satisfactory degree of accuracy by that for e.m.f. equilibrium in the 
sciter winding [5-6]; 



i r„ + 2pwcr^ 
e e ^ E 

en 


dE^ 

dt 



here 

E and U are the e.m.f. and terminal voltage of the exciter, 
e € 

i is the current in the exciter winding, 

2p is the number of exciter poles, 

w is the number of turns per pole in the field winding 

and E are the rated effective magnetic flux and corresponding 
en 

rated e.m.f. 

cr is the magnetic flux leakage coefficient for the main exciter poles 
equal to the ratio of total to effective flux (cr > 1) 
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To integrate nonlinear equations numerically we write them in 
difference form. The synchronous machine transient equation is 

^ 2^t 27C - At 

E, — ---— E,, -f —-- E, 

2T^ + l\t 2T^ + A t 

Neglecting saturation we can write on a per unit basis: 

E.zzI 
♦ a 

where 

is the ratio of the rotor current to the no-load value. 
Then 


2 A t 


r2 


I 


2Tj A t 

+ -j 


2T^ + ret 27' + A t '‘i 


The equation for the exciter transient is: 


U , + U i + i E - E 

-El -ii -gi gg r + k gg 

2 2 « At 


where 



2pwcr^ 



Exciter armature reaction is allowed for by subtracting y I 
from i (2) r 


^ ^arm. react. ~ 

where 

7 is the armature reaction coefficient 

c is the gradient of the exciter no-load characteristic, c = f(E 
(Pig.l). • 


finite 

(4) 


(5) 

( 6 ) 

( 7 ) 

) 
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c, ohms 



Pig. 1 

The relation between exciter terminal voltage and e.m.f. can be 
rom equation (7) expressed simply as 

f 

U = E -(eery + r ) I_ (8) 

€ e ^ a r 

here 

• = resistance of the exciter armature, made up of the armature, 

compoles and compensating winding resistances and the equivalent 

brush contact resistance. 


Introducing (8), (6) becomes: 


Cl C2 


(eery + r ) 

U 


1 +1 . 
n r2 - 


1 + i E - E , 

«2 r + k ^ 

® At 


2 


(9) 
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So the exciter e.m.f. and current can be expressed in terms of their 
previous values as: 


p , • At 2k + A t 

E -fir _ = F —_ 

^ 2k- At 2k- At ~ 

At At 

irrTT - ‘■'r. + W (10) 

where 


eery + is the equivalent exciter resistance. 

When field-forcing is automatic we assume that the whole or part of 
the exciter field rheostat is cut out from the beginning of the 
transient. 


= ’-e.sh - 

When compounding is used a term proportional to the stator current 
IS introduced on the right-hand side of (9): 


c k. Ij 
I d 


where is the compounding coefficient [ 2 ]. 


Thus the problem is reduced to the simultaneous 
of equations (5) and (10) with the exciter no-load 
e ~ whereby 


numerical solution 
characteristic 


I , 


u 


R I , 

r eO 


( 11 ) 


where 


Rj. is the rotor resistance, 

1^0 is the rotor current at no-load, and U 


= E 

€ e 


Transient calculation 


(ca-y + rj 


T-2-S^2'^turL!?r®'''^^® short-circuit at the stator terminals of a 
T 2 25 2 turboalternator with a model B 4-120-3000 exciter. 
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The T-2-25-2 turboalternator parameters are* [7] 


p 

n 

= 25 m 

^d" 

= 12.9% 

u 

n 

= 10.5 kV 

^d' 

= 23.3% 

4 

= 1720 A 

^d 

= 199% 

cos 0 

= 0.8 


= 0.473 Q 

T 

■^do 

= 9.9 sec 


= 0.19% 


Rotor currents 

J „ = 417 A 

rn 

I. = 267 A 

ir 

0.233 

Tj’ - 9.9 = 1.16 sec. 

^ 1.99 


The parameters of the model B4-120-3000 exciter are: P - 120 kW, 
U - 230 V, I = 520 A. 

' a 


2p = 4, number of parallel field windings, 
a =1, number of turns per pole of this winding, 


w = 600, number of turns per pole of the armature winding, 


w = 23. 
a 

Exciter resistance = 16.25 Cl, compoles, = 0.0021 n, armature, 
r = 0.0053 n. 

a 

Flux at the rated load, = 2.58x10® maxwell. 

E.m.f. at rated load, £„ = 238 V. Resistance of the armature 
circuit + r^(75°C)= 0.0124 Cl. 

Cl> 

Leakage coefficient cr = 1.15 [6]. Coefficient of armature 
reaction y = 0.001 [2]. 

The no-load exciter characteristic shown in Pig.1. 

The shunt rheostat resistance determined from the no-load characteris¬ 
tic (Pig. 1) is = 19.65 


* The resistances are given at 75*^C, except those for compoles and armature 
which are given at 15®C. 

‘I’ We assume a brush contact drop of 1.5 V. 
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On introducing the numerical values (5), (8), (10) and (11) become: 


I 

*r2 


2 A f 


I 


+ 


2.32 - At 


2.32 + At ‘ret 2.32 + At 


(5a) 


U = E - (0.0015 c + 0.0124) I 


(8a) 


„ 35.9 A t 

E + i _ 

0.598 -At 


F 0-598 + At . 35.9At 

0.598 - At ~ ^598 - A t 


> (10a) 


+ -fr2> 


(0.0015c + 0.0124)A t 
0.598 -At 


j 


tret = 


(lla) 


The compounding coefficient was estimated to he k - 0.00278 [ 2 ]. 
The calculation can proceed when A t is assigned a value. The 
tabulated form of calculation is most convenient. The results, viz. 

curves of stator and rotor currents as functions of time, are shown in 
Fig. 2. 


Conclusions 

(1) Comparison of the stator and rotor current during generator 
transients found when exciter saturation is allowed for (Pig.2) with 
those obtained from the linearized differential equations (cf [ 2 ],Pig.5) 
shows that exciter saturation has a considerable effect on the 
transient especially in its final stages. For example, the exciter 
effect becomes apparent from the fact that after 10 sec the rotor 
current with compounding falls by AJ = 0.24 I is the no-load 
rotor current. 

The linearized system gives AJ = 1 . 2 I „ (cf.2, Pig.5). 

The large discrepancy (a factor 5) is explained by the armature 
reaction being assumed to remain constant at its initial value through¬ 
out the transient (linearized no-load characteristic) in the linearized 
system. 
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synchronous machines 



Pig. 2. (a) Neglecting the effect of the exciter 

(b) Including the effect of the exciter 

1 - without additional measures on the exciter, 

2 — with compounding, 

3 - with automatic field forcing. 


The equivalent armature circuit resistance is therefore 

2]. This causes a large drop in exciter terminal voltage and thereto 

I large fall in the rotor current. 

Neglect of exciter saturation thus makes its apparent effect on the 
transient considerably greater than the real one. 

(2) The greatest distortions of the transient picture due to neglect 
of Lciter saturation occur when automatic field-forcing or compound¬ 
ing is used. In this case the exciter voltage rapidly approaches 
limiting value (within 0.5 - 0.7 sec), complete exciter saturation 
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occurs and armature reaction becomes very small. The effect of the 
exciter on the transient is then noticeable only during the initial 
stage when the exciter voltage has not yet risen to its limiting value. 
The exciter affects the steady-state rotor-current only via the 
voltage drop in r , which is 15 per cent of r 

Again we notice the beneficial effect of compounding on the whole 
transient process. 

(3) No great differences are introduced when non-linearity is allowed 
for in the absence of automatic field-forcing and compounding. For 
example, under the conditions obtaining when is determined 
experimentally, the exciter works on the unsaturated part of its 
characteristic and appears to be highly effective. As has been stated 
[ 2 ] considerable demagnetization or remagnetization can then occur. 

This can be observed if for some reason the exciter armature resistance 
or the armature reaction are increased. 

The author is indebted to L.G. Mamikoniants Cand.Tekh.Nauk for 
valuable advice and suggestions during the preparation of this article. 
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THE BEHAVIOUR OF RELAY PROTECTION ON 
UNSYNCHRONIZED RECLOSING* 

TSZO KHU 

Molotov Power Engineering Institute, Moscow 

(Received 14 March 1956) 

Unsynchronizeci automatic reclosing of individual transmission lines of 
power systems has lately assumed increasing importance on account of its 
simplicity and effectiveness. However, this must not be taken as 
meaning that all the problems associated with this use of automatic 
reclosing have been sufficiently studied and solved. In particular, 
one of these problems is the behaviour of relay protection and preven¬ 
tion of its incorrect operation during unsynchronized reconnexion LlJ- 
We will consider this problem below with reference to systems having 
large earth-fault currents. 

It is well-known that unsynchronized closing of a transmission line 
may result in a synchronous operation and power swings and, conse¬ 
quently, (owing to the varying power angles between e.m.f. vectors of 
the generators) variations of the phase currents, voltages and other 
electrical quantities may occur, similar to those occurring in the^ 
case of power swings caused by disturbances to the static or dynamic 
stability of the system. 


Immediately after unsynchronized reconnexion negative and zero phase- 
sequence components may appear for a short time due to partial reclosures 
resulting from the sequential making of the circuit-breaker contacts. 


We will assume equal positive and negative sequence impedances and 
also that the station e.m. Ts NM (Pig. la) have the same magnitude. 
Referring to the equivalent circuits (Fig.Id), the negative and zero- 
sequence currents will be: when a single phase is closed: 


r(I) _ r(I) - 
^2 0 

* Elektrichestvo No. 1, 42—51 (1957). 
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Pig. 1. Actual circuit and equivalent circuits of various phase- 
sequences during unsynchronized automatic reclosing. 


when two phases are closed 
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where 


( 2 ) 

(3) 


^ot impedances of the positive and zero sequences 

of the whole system; 

S is the difference of the e.m.f. vector angles of the generators in 
partially reclosed operation. If we assume that S can reach 180® 
during unsynchronized reconnexion the maximum negative and zero 
sequence currents will, according to equations (1), (2) and (3) be 
determined in the following way: 

When z^./z^^ > i 
ot 
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The above expressions for electrical quantities as functions of S 
after unsynchronized reconnexion are the same equations as in the case 
of power swings or loss of stability when the oscillations are initiated 
by a short-circuit. The only difference between unsynchronized 
reconnexion and power swings following short-circuit is that 8 may take 
values up to 180® (in the first case) whereas in the second case 8, 
being initially the angle under the operating conditions preceding the 
short-circuit, cannot change discontinuously and will become large 
only a certain time after the oscillation starts. 

Incorrect operation of relay systems during oscillations is due 
to the fact that unsynchronized automatic reclosing may occur at large 
values of 8 and, after reclosing, asynchronous operation and oscil¬ 
lations may take place. 

The behaviour of distance relays on a line, the circuit of which is 
indicated in Pig. 1(a), is considered as an example of the behaviour of 
such protective systems after unsynchronized reclosing. We analysed 
the response of the relay units RZ-4,RZ~5 of this system. The analysis 
was carried out in the complex impedance plan (Fig.2). The results 
of the analysis may be summarized as follows. 

The distance protection operating with an impedance relay and a 
directional power relay, may operate incorrectly on unsynchronized 
reclosing if the electrical centre of the system is situated inside 
the protected zone or in its immediate neighbourhood. In cases in 
which the electric centre of the system during the unsynchronized 
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Pig*2. Analysis of the behaviour of distance protection during 
unsynchronized reclosing, represented in the complex resistance- 

impedance plane. 

CD Characteristic of the impedance relays of the protection 
units PR-4 and PR~5 (Pig. 1 ); 

(2) Characteristic of the directional power relays PR-4 and PR-5; 

(3) and (4) Characteristics of the directional impedance relays 
of PR-4 and PR-5. The straight line O' O" is the locus of 

the impedance vectors at the terminals of the relays PR-4 
and PR-5. 

reclosing is behind the busbars of the sub-station in which the pro¬ 
tection is installed, the possibility of an incorrect operation may 
be eliminated by using, for example, for a protection relay PR-5 
(Pig. 2) an impedance relay having a directional distance element. 

It follows that we arrive at the same conclusions as resulted from 

the analysis of the behaviour of distance protection under power 
swings [2]. 
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Protection systems responding to negative and zero-sequence components 
and acting without time-lag may also operate incorrectly on unsynchronized 

reconnexion. 

An instantaneous zero-sequence relay may operate if its setting 
current is smaller than the maximum zero-sequence current at unsyn- 
chronized reconnexion (cf. expressions (5) and (7)). The behaviour of 
a directional instantaneous zero-sequence relay during unsynchronized 
reconnexion depends on the behaviour of its directional power e emen 
If, on unsynchronized reconnexion the zero-sequence current at the 
location of the relay set for the direction towards the busbars leads 
the voltage of the same phase-sequence, the directional power elemen 
will not respond and, consequently, neither will the directional 
zero-sequence relay. This, for example, corresponds to the behaviour 
during unsynchronized reconnexion of the protective equipment PR-4 in 
the section BM (Pig.la). The zero-sequence relay can be rendered 
insensitive to the effects of partially reclosed operation by 
of an auxiliary relay with delayed action, having a time-lag slip y 
greater than the time required for closing the contacts of all three 

phases of the circuit breaker. 

During unsynchronized reconnexion it is also possibp for incorrect 
operation to occur in directional protection with carrier-current, 
lock-out, for example, a protection of type RZ-164. At the inception 
of the asymmetric conditions the protection is started, and pen the 
asymmetry disappears, the directional elements of the protection are 
switched over to phase current and line voltage; the protection can 
then operate just as in the case of symmetric short-circuits on the 
protected element. The protection located in the section reclpp 
out of synchronism may operate also before the disappearance of e 
asymmetry if the voltage transformers are connected to the busbars, 
and the unsynchronized automatic reclosing is carried out by a prpi 
breaker requiring a comparatively long time for closing the contacts 
of all three phases (e.g. a circuit-breaker with individual drives for 

each phase). 

Differential current protective systems of all types, including 
phase comparison systems, should in principle never operate incorrectly 

on unsynchronized reconnexion. 

Most of the devices, nowadays widely used, for lock-in protection 
systems in the case of power swings are based on two principles, viz. 

(1) on the use of the different character of variation of the elec¬ 
trical quantities in the case of short-circuits and power swings 
respectively and (2) on the principle of starting the protection at 
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the appearance of negative or zero-sequence components for a time 
sufficient for its operation. The devices based on the first principle 
prepare the relay circuit for tripping in the case of a sudden dis¬ 
continuous variation of the phase or line currents and/or voltages. 

The devices based on the second principle prepare the relay circuit for 
tripping when asymmetrical conditions arise. Both types of device 
terminate the operation of the protection before the angular phase 
difference, 8, between the generators rises to a dangerous value 

(i.e. from the viewpoint of a possible incorrect operation of the 
protection). 

Since in the case of unsynchronized reconnexion a sudden discon¬ 
tinuous variation of the currents and voltages of all phases, as well 
as negative and zero-sequence components may occur, the lock-in 
devices mentioned above may be activated just as in the case of short- 
circuits. Consequently, the protection may operate in the case of 
unsynchronized reconnexion until its operation is terminated by the 
lock-in devices. However, we should not conclude from this fact that 
it is impossible to use lock-in devices for preventing incorrect 
operation of the protection during unsynchronized automatic reclosing. 

Let us consider the possibility of using for this purpose lock-in 
devices based on the principle of having the protection started by 
negative-sequence components of the voltage and current (U , I ). 

Lock-in devices used for preventing a response of the protection 
to power swings may also be used for preventing such an incorrect 
operation in the case of unsynchronized automatic reclosing. For this 
purpose the voltage or current setting of the starting element of such 
a device must be greater than the negative-sequence voltage or current 
.associated with unsynchronized reconnexion at the location of the 
device. 

This method of selection is conditional on 

^2 sh.c. min/^set ^ ^sen 


where 

^2 sh.c.rain minimum negative-sequence voltage at the location 
of the protection in the case of a short-circuit in the protected zone; 
^sen required coefficient of sensitivity. 


It should be noted that this condition is more easily satisfied in 

cases where the relays are located at points remote from the enclosed 
section. 
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Lock-in devices with time-controlled lock-out may be used to 
prevent incorrect operation of the protection of any section of the 
system, except the one reconnected, if unsynchronized automatic 
reclosing is carried out after the clearance of a short-circuit, i.e. 
after the operation of the relay protection. 

It is well-known that in a system equipped with automatic reclosing 
gear the resetting time of the lock-in devices with time-controlled " 
lock-out is selected after consideration of the time required for 
clearing a persisting short-circuit after unsuccessful reclosing. 
Consequently, the lock-out device started at the inception of a short- 
circuit and terminating the operation of the protection after a short 
time» may lock it in the case of unsynchronized reconnexion. If this 
principle is used it is advisable to use more sensitive starting elements 

For reliable locking, for example, of the protection RZ-3 at unsyn¬ 
chronized reconnexion of the line section BM (Pig. 1), the following 
condition must be satisfied 

^2A sh. c.min ^ ^rel ^set 

where sh. c.min minimum negative-sequence voltage at the 

location of PR-3, set-up by a short-circuit in section BM; is 

the coefficient of reliability >1). 

A lock-out device with time-controlled lock-out may be used to 
prevent incorrect operation of a protection in the case that the 
protection is located not far from the reconnected section. 

The use of a combination of negative and zero-sequence components 
for starting the lock-out devices may in some cases slightly improve 
the reliability of locking the protection in the case of unsynchronized 

reconnexion. 

To prevent incorrect operation of the protection on unsynchronized 
reconnexion it is desirable to desensitize the starting elements of 
the lock-out device where possible. It will then be possible to use 
lock-out devices with time-controlled, as well as with high-speed, 
lock-out and also to use a circuit for automatic asynchronous reclosing 

started by a '^discrepancy circuit". 

Let us consider the lock-out characteristics of the protection for 
line sections which may be reconnected unsynchronized. 
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It is well known that in cases in which the lines are equipped with 
automatic reclosing gear the lock-in circuits must be designed so that 
the protection is rapidly reset after a clearance of a short-circuit in 
the protected zone. The protection reset after the clearance of a 
short-circuit may respond to asynchronous reclosing in the same way 
as in the case of unsuccessful reclosing. For this reason lock-in 
devices with time-controlled lock-out of the conventional type cannot 
in this case prevent incorrect operation of the protection. Desensiti¬ 
zation of the starting elements of the lock-out devices may in this 
case find only very limited application. The minimum negative sequence 
voltage or current at the location of the protection will frequently 
be smaller during short-circuits in the protected section than during 
unsynchronized reconnexion of this section. This can be partly 
explained by the fact that on unsynchronized reconnexion the whole 
negative-sequence current passes through the reclosed section, whereas 
in the case of a short-circuit the current is divided into two parts. 

If it is impossible to render the protection insensitive to the effect 
of unsynchronized reclosing by desensitization of the starting elements 
of the lock-out device, the reclosing must be carried out in the 
following way. 



Fig.3 Sequence of the unsynchronized reclosing of the line section 
AB, The contact of the line voltage relay is closed when the line 

is live. 

The line is first reclosed from end A (Fig.3) in the absence of an 
opposing voltage. Reclosing from end B is carried out only when the 
closing’ from the end A is successful, i.e, if there is no sustained 
fault on the line. After successful reclosing from end A, the protec¬ 
tion is made inoperative and reclosing from the end B is carried out 
after the protection has been made inoperative. To render the use of 
this method possible it is necessary in addition to making ineffective 
the protection at the end A, to use at the end B the lock-out device 
operating in the case of power swings with time-controlled deblocking 
and prevention of rapid resetting of the protection after the clear¬ 
ance of the short-circuit. 
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Fig. 4 A possible modification of 

automatic 

IB, 2P. 3C, 4R, 5R. 6R, elements 
of relay EVP. 285; 

7U signalling relay: 

12SL incandescent lamp; 

15NL neon lamp; 


the circuit for unsynchronized 
reclosing. 

13V voltage relay type EN. 529; 

CS control switches; 

9P, 17P, 22P intermediate relay 
type EP. 101; 

IIP intermediate relay type EP.131; 


8, S14, S24, S25 change-over 
witches; 

8P, 19N, 20V, 21R, Lock-out 
evices with time-controlled 


lOP intermediate relay with series 
winding; 

16N intermediate relay. Type EP.106; 
23R series resistance. 


^'^The contacts as shown in the positions occupied by them when the line 

is closed and the circuit ready for operation. 
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A possible modification of the automatic reclosing gear, satisfying 
the conditions discussed is shown in Pig.4. This circuit is based on 
the commercial circuit APV-2, but is started by the relay protection. 
It contains change-over arrangements enabling the line to be tested 
from either end.* The change-over arrangements in the circuit of 
Pig.4 are shown in the position for testing the line. Relay 13H is 
designed for carrying out the detection of an opposing voltage, 

rendering the protection ineffective at end A after successful test 
of the line is carried out in the following way. 

Simultaneously with the despatch of a closing signal to the circuit 
breaker, relay 16P starts operating, its normally open contact 16P 
is closed and shunts the time relay 20V. whereas its normally closed 
contact lePg opens and interrupts the circuit of relay 18P. The relay 
20B returns then into its initial position and cannot operate until 
the contact 16?^ of relay 16P drops off, and relay 18P biases the 
protection circuits and the windings of relay 20 EV. When the circuit- 
breaker contacts have closed, the armature of relay 16P drops off with 
a certain time lag. Owing to this, relay 20V will operate once more 
and the protection will become ineffective after its contact 20V 
has closed, in this way the lock-out device blocking the protection 
in the case of power-swings may be used for the same purpose during 
unsynchronized automatic reclosing. 

The circuit contains further an intermediate relay 22P. for rapid 
deblocking of the protection when the circuit is used for recloslng 
from end B. This ensures rapid isolation of the line in the case of 
asymmetric short-circuits, when owing to an irregularity in the auto¬ 
matic reclosing circuit reclosing from end B takes place earlier than 
that from end A. 


Q)nclusions 

(1) Protection systems having to operate under the asymmetrical 

conditions produced for a short while during unsynchronized reclosing, 

can be neutralized against these effects by the use of an auxiliary 
relay with slightly delayed action. ' uxiiiary 

(2) The lock-out devices neutralizing the protection against the 
effects of power swings maor also be used to prevent incorrect 
operation of the protection on unsynchronized automatic reclosing. 

• Testing is to be taken as meaning automatic recloslng of the line from one 
end in the absence of an opposing voltage. 
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In some cases this is obtained by desensitizing the starting elements 
of the lock-out devices and in others by using more sensitive starting 
elements and providing them with time-control deblocking devices, 

(3) Incorrect operation of the protection of an unsynchronized 
reclosed section may be prevented in all cases. 
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GENERATORS FOR ELECTRIC SPARK-MACHINING 

OF METALS 

A.L. LIVSHITS AND I.S. ROGACHEV 


In electric methods of machining metals the metal is cut or its struc¬ 
ture and durface finish altered thermally or chemically by an electric 
current supplied direct to the tool or work. Electro-erosion is a 
special type of electrical machining based on joule heating. 

Three fundamental conditions must be satisfied if electrical erosion 
is to give true-scale machining and if the blank is to reproduce the 
tool electrode shape faithfully. 

(1) The current pulses supplied must be sufficiently short, the 

*^feed rate*' being determined by the distance between the elementary 
portions of the electrodes. The maximum pulse durations 

sec [l] and < 10“^ sec [2] recommended in the 
literature cannot be confirmed. The precision of the tool-shape 
reproduction and the cutting rate are increased, and the tool 
wear and power consumption reduced, if the pulse duration is 
between 10*“^ and 10“^ sec. Only under “soft" operating condi¬ 
tions, in machining hard alloys and for delicate work should the 
pulse duration be reduced to 0.15 x lO^^sec [3,4], or less. 

(2) The area between electrode and work to which the pulse is supplied 
must be fairly small to obtain the required energy concentration 
together with acceptable finished maximum surface-roughnesses. 

The area varies with the working cond tions from 10“^^ mm^ to 
several mm^ and the maximum surface roughness from 10“^ to 0.5 mm. 

(3) The pulses must be supplied continuously at the requisite fre¬ 
quency and space-mark ratio. 

* Elektrichestvo pp. 19-23, (1957). [Reprint Order No. EL. 17] 
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The pulse repetition frequency in electro-erosion lies within 
the audio range. The pause space mark ratio varies from 1.1 to 
10 - 10 ^. 


The above conditions are satisfied by supplying the electrodes 
through a discharge channel (making arc or spark) or through a contact 
between micro-roughnesses of the electrodes moving relatively to one 
another (breaking arc or spark) [3]. In the first case a special 
voltage pulse source is required, viz. an impulse generator; in the 
second case, a mechanical device which produces a relative electrode 
displacement (rotation, vibration, etc. is required, the electrodes 
being connected into a d.c. or a.c. circuit. Combined electrical and 
mechanical generation systems are also possible. 


The load on the impulse generator is the erosion gap, i.e. a short 
arc or sparking and arcing discharge between the electrodes. T e 
distances between the electrode sections, the volume and surface 
concentrations of the erosion products in the working zone, e 

tions of particle and gas removal, etc., may all ^ 

operation. Different types of generators will react differently t 

such variations." If the amplitude, duration and frequency o e 

impulses supplied by the generator do not depend on 

conditions in the erosion gap, they are termed 

is not SO they are referred to as dependent. Certai ® , 

is not , „„ioritv mark-space ratio) which depend on the 

some parameters (e.g. polarity, mark space > fTPouencvl 

conditions in the erosion gap. whereas others (e.g. the freque y) 
do not. 

. j jT .-IT.Q i"i r»n the tvpe of generator, type of current. 

The method of generation, the yp certain differences 

working fluid, polari y, oo example, the spark-cutting method 

S r“eSrlc.l generation, a .iependen. (telaiatlon 
„tri= pulses o, alternating polarity. « 

polarity (tool-e=.thode, .ort-an^e). ij,„u,'p„t an 

[3] also uses eleotrloal “ “ sis and reversed polarity (In 

independent generator, unipolar ^ ^ mechanical generation 

working steei;, nninolar current pulses, an electrolyte 

via a dependent generator, u ipo giectric-contact method differs 

(waterglass) and direct Pdarity. ^he elect^^^^^^ 

from the mechanical-anodic ^ater. less fre- 

.Iterating potoltynd in the 

quently oil). Because t electrode are 

the chances of reproducing the shape of the tool 

restricted. 



172 


Generators for electric spark-machining of metals 


Electrical erosion is polar in nature, i.e. with given electrode 
materials, working medium and pulse parameters, there is a definite 
pulse polarity which gives the maximum rate of removal of metal from 
the work and the minimum from the tool. Also if an unsuitable polarity 
is used solid pyrolytic residues from the liquid medium deposit on the 
electrodes, which disrupts the steady erosion process and spoils the 
surface of the work. So electro-erosion should employ unipolar 
impulses. 

Machining by unipolar impulses of considerable duration increases 
the rate of removal of material by a factor 10, reduces the relative 
wear by factors of 5 - 20, and the energy consumption by factors of 
3-5 relative to alternating-polarity impulses produced by a depen¬ 
dent relaxation generator [s]. 

Hence a new branch of electrical engineering had to be developed, 
viz. the production of strong unipolar impulse currents at law voltages 
at audio-frequencies, It is very difficult to generate such currents 
because there are no suitable generators. This led to a number of 
compromise solutions, taking the form of dependent relaxation generators 
of asymmetrical alternating current and voltage impulses (of types RC, 
RCL, ROLL, etc.) used to supply spark-machining units [s], and of 
rotary generators for asymmetrically alternating impulse voltages [5], 

In principle, sources of unipolar voltage pulses can be based on: 

(a) current interruption; (b) rectification of sinusoidal or pulse- 
type alternating voltages; (c) superposition of direct and alternating 
e.m.f.’s of different wave-forms; (d) direct generation; (e) various 
combinations of the foregoing principles. 

Two types of unipolar pulse generator using current interruption 
exist: (a) with turbo-type mercury-jet interrupters, first realized 
in the Odessa Polytechnical Institute in 1951, similar to the well- 
known systems used in radio engineering [6] and (b) with electrolytic 
interrupters [7], designed specially for electro-impulse machining. 

Both types of interrupters can produce currents of some 10 A at fre¬ 
quencies up to 100 pulses/sec. Their use is limited to ‘'soft'" 
operating conditions. 

Independent pulse generators, based on half-wave rectification of 
sinusoidal voltages at power or higher frequencies using semi-conductor 
(selenium) rectifiers were produced between 1950 and 1955 for fre¬ 
quencies of 50 - 500 pulses/sec. and currents up to 100 A at mean 
voltages of up to 50 V. The advantages of such systems are their 
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simplicity and reliability and the possibility of supplying several 
independent circuits simultaneously by using both half-waves. Draw¬ 
backs of selenium rectifier generators are the inverse current half-wave 
due to the inverse conductivity of the barrier layer and its consider¬ 
able capacitance, furthermore the need for special voltage supply at 
freauencies abov; 50 pulses/sec. (frequency converter, or for mark-space 
ratios exceeding 2, a generator of alternating pulses). 

when selenium is replaced by new semi-conductor rectifiers (germanium, 
silicon, etc.) considerable current densities can be used, the capacitances 
being also small and the back-resistances high; this extends the useful 
frequency and current ranges considerably, and has added advantages of hig 
efficiency and small dimensions. Electronic systems could give any fre¬ 
quency but are out of the question because of the small attainable 
currents. Ionic rectifier systems (thyratrons without grid-control) 
could furnish frequencies up to 3 - 5 kc/s [4], but only at low effi- 
ciencies, and would also be unduly bulky, even if only required to supply 
currents of around 0.1 A. The use of mercury power rectifiers is limited 
by their frequency range (500 - 700 pulses/sec) and low efficiency at the 
low voltages required. 

The simplest way of obtaining unipolar pulses by superposing direct 
and alternating e.m.f.’s of different forms is to use a sinusoidal 
alternating e.m.f. In this case the direct component must equal the peak 
alternating voltage; however, the relative pulse duration obtained by 
irterruptiL an arc discharge at 20 - 30 V will be very large, this being 
undesirable for work in an erosion gap. To obtain a pulse of shorter 
relative duration we require an asymmetrical pulse voltage source, 
obtained from special rotary generators or electronic or ionic apparatus. 

A draSbL of superposed voltages is the need to use two supplies of 
specially chosen and matched characteristics. The limiting frequencies 
and currents are determined by the characteristics of the voltage sources. 


Unipolar pulses can be generated directly by using ionic or electronic 
apparatus and rotary generators. 

Ionic generators are preferable owing to their relatively simple 
construction when powerful unipolar pulses of low frequency (up to 150 
pulses/sec) of controllable amplitude, relative duration and frequency 
are required. The power from ionic generators is practically unlimite , 

SO the rate of removal of the metal is also unlimited. For example, wi 
the ionic generators developed in 1950-1951 in the Ministry of the ^ 
Machine Tool Industry [3]. a rate of removal of material was - 6000 mm /min 
this being 8-10 times higher than the limiting rate of removal in spark- 
machining. Disadvantages of independent ionic generators are their much 
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more complicated circuits for obtaining high frequencies, their low 
p,f. s and efficiencies, high transformer ratings and non-sinusoidal 
mains load currents. 

Pulse generators using valves can provide low currents and high 
frequencies. This is because there are no hard valves designed for 
currents around 10-100 A (RMS) at voltages around 10 V. The develop¬ 
ment of controllable germanium or silicon power rectifiers will greatly 
improve this type of generator. Combined electronic and ionic unipolar 
pulse generators may also be considered [4], 

The rotary pulse generators form a new branch of electrical engineering 
opened up only since 1951. We can distinguish machines for generating 
unipolar pulses directly and machines generating alternating pulse 
voltages, subsequently rectified either within or outside the machine. 

Commutatorless d.c. machines must involve the circuit being altered in 
time by continuously introducing new circuit elements via sliding contacts. 
This is the principle on which a unipolar commutatorless d.c. machine 
is based. One of the authors [s] has suggested that this principle could 
also be used for producing unipolar pulses. 

Let us imagine that the air gap in a unipolar d.c. machine varies 
periodically in width around the armature periphery, due to the arrange¬ 
ment of stator teeth (Pig.l). The flux density in the air gap will then 



Pig.1. General system of the unipolar generator. 

also vary periodically. When the armature rotates at constant speed, 
e.m.f.’s will be induced in the bars of that armature winding, the 
instantaneous values of which will be proportional to the flux densities 
under the bars. If the ends of the bars are connected to slip rings 
running under brushes, the e.m. f. between the brushes will always have 
the same direction. By .appropriate choice of air gap and stator slot 
dimensions, the minimum e.m.f. can be kept sufficiently small and the 
pulses will be practically unipolar and of a quite satisfactory form. 
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The frequency of the unipolar impulses is 

f = zn/60 (1) 

where z is the number of stator teeth; n the rotor speed in rev/min. 

The maximum e.m.f. is 


E = Iv 

max max 


( 2 ) 


where k is the number of series-connected bars in the winding (no. of 
pairs of slip rings); 

B = maximum flux density in the air gap, 
max 

I = active length of a bar, m; 


V 


peripheral speed of the armature, m/sec. 
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Pig.2. General view of a unipolar pulse generator. 

The Department of Electrical Machinery at Kharkov 

Institute carried out the design and testing ° _ 20 V and a 

generator for a mean current f^tL'^Ministry of the Machine 

freauency of 800 produced by the Kharkov Electrical 

Tool Industry in 1953-55, it was proa showing 

Machi»e »orks [9l. Plg.2 is a vie. of this generator, Fig.3 

oscillograms of the voltage and current.. 

The second gronp of rotary oulee generators a« those .hlch generate 
alternating pulse voltages, subsequent y rec i 




176 


Generators for electric spark-machining of metals 



Pig. 3. Voltage (u) and current (i) oscillograms for the 

unipolar pulse generator. 

One style of self-rectifying pulse generator was suggested by the 
authors jointly with Perchik and Borisenko [lO,ll]. and designed by 
the Department of Electrical Machinery at the Kharkov Polytechnical 
Institute. This consists of a pole-changing magnetic system and poles 
formed on the stator or rotor, and an armature winding, situated, 
correspondingly, on the rotor or stator. The ends’of the armature 
winding are led out to the commutator consisting of two systems of 
bars arranged alternately and insulated from one another. The number 
of bars equals the number of poles. The bars of each system are 
electrically interconnected, and each system is connected to one end 
of the winding. Two systems of brushes run on the commutator, so 
arranged that the brushes of either polarity are simultaneously only 
on one system of bars and have a relative displacement corresponding 
to the width of a bar. The pole arc/pitch ratio is chosen much 
smaller than normal (lower than 0.5), and the armature winding is 
arranged under the poles in narrow segments. This design produces an 
e.m.f. of very marked pulse character. Pig.4 shows diagrammatically 



Pig. 4. Theoretical circuit of commutator-type pulse generator. 
D- Stationary poles with field winding; 

2 - Rotating armature winding; 

3 - Commutator. 
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a generator with a four-pole stationary magnetic system 1 and rotating 
armature coil 2. placed in four slots. The ends of the winding are led 
out to the commutator 3, consisting of four bars on which the brushes 
run. It is easy to design this generator for the desired voltage 
which, with given dimensions and speed, is determined by the number of 
armature conductors connected in series. 

The frequency Is 


f = pn/30 (3) 

where p is the number of pole pairs, n being the rev/min. 

Since the armature winding occupies only a small part of the peri¬ 
phery, two or more independent windings can be used, each having its 
own commutator which can be connected to separate, loads. 

Experimental generators of this type were produced in the Kharkov 
Polytechnical Institute and in the Experimental Machine Tool Research 
Institute and were found to work very satisfactorily with an erosion¬ 
machining load. The Kharkov Polytechnical Institute designed and 
investigated a number of generators of a type suggested by the Experi¬ 
mental Machine Tool Research Institute and built by the Kharkov 
Electrical Machine factory, for frequencies up to 1000 pulses/sec,- 
mean currents up to 300 A, mean voltages up to 40 V, and also designed 
a batch of experimental generators producing 400 pulses/sec, mean 
currents of 80 A and mean voltages of 30 V [12] from tests carried ou 


Pig. 5. 


General view of commutator-type pulse generator. 
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at the Experimental Machine Tool Research Institute. Fig.5 is a general 
view of such a machine. Fig.6 showing current and voltage oscillograms 
of one of the generators. 



Pig. 6. Voltage (u) and current (i) oscillograms for the 

commutator-type pulse generator. 

The commutator-generator is most suitable for currents from 10 - 20 
to 500 - 600 A and for frequencies from 150 to 1000 pulses/sec. 

The generator may alternatively be connected to a rectifier inside 
or outside the machine. 

This type of commutator-generator with full-wave rectifier may also 
be provided with a half-wave rectifier. For this purpose the ends of 
the windings are also brought out to slip-rings. The load is connected 
between the ring and the commutator. This halves the pulse frequency 
and the relative duration is considerably reduced. Two independent 
loads can then also be supplied simultaneously. This kind of operation 
was investigated with one of the generators and proved to be quite 
reliable, apart from the increased stability of the operation in the 
gap, due to the smaller relative pulse duration. 

Comparison of these rotary generators with other types of indepen¬ 
dent generator indicates that in the ranges 10 - 600 A and range 
150 - 1000 pulses/sec they exhibit considerable advantages, viz. the 
conversion from mains a.c. to unipolar current impulses is shortened 
from three stages to two, the efficiency is increased by a factor 
1.5-2, the p.f. being also increased; the number of units is 
reduced by a factor 1.5-2, the working conditions are considerably 
simplified and the reliability improved. 

Rotary unipolar impulse generators are at present the best source 
of supply for electric pulse-machining installations. The Ministry 
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f the Electrical Industry has now released the first series of 
generators for electric-impulse broaching and copying machines. 
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